Award  Number:  DAMD17-00-1-0319 


^  A*. 


AD 


TITLE:  Isolation  of  Estrogen-Responsive  Genes  in  Human  Breast 

Cancer  Cells 


PRINCIPAL  INVESTIGATOR:  James  R.  Davie,  Ph.D. 


CONTRACTING  ORGANIZATION:  University  of  Manitoba 

Winnipeg,  Manitoba,  Canada  R3E-OW3 

REPORT  DATE:  October  2003 


TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20040311  041 


REPORT  DOCUMENTATION  PAGE _  o^No^o^'oisa 

Publ'ii  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
reduang  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway.  Suite  1204,  Arlington.  VA  22202-4302  and  to  the  Office  of 
Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503  _ 

1 .  AGENCY  USE  ONLY  T 2.  REPORT  DATE  I  3.  REPORT  TYPE  AND  DATES  COVERED  ~~ 

(Leave  blank)  October  2003  Final  (1  Sep  2000  -  1  Sep  2003) 

4.  TITLE  AND  SUBTITLE  ^  5.  FUNDING  NUMBERS  ~ 

Isolation  of  Estrogen-Responsive  Genes  in  Human  Breast  DAMD17-00-1-0319 

Cancer  Cells 


30-1  Sep  2003) 

5.  FUNDING  NUMBERS 
DAMD17-00-1-0319 


6.  AUTHOR(S) 

"  James  R.  Davie,  Ph.D. 


7.  PERFORMING  ORGANIZATION  NAMEIS)  AND  ADDRESS(ES) 

University  of  Manitoba 

Winnipeg,  Manitoba,  Canada  R3E-OW3 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


E-Mail:  davie@cc .  umanitoba .  ca 

~9.  SPONSORING  /  MONITORING 

AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


n.  SUPPLEMENTARY  NOTES 


Original  contains  color  plates:  ALL  DTIC  reproductions  will  be  in  black  and  white 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  Words)  ~~ — 

The  purpose  of  this  proposal  is  to  isolate  and  identify  estrogen-receptor  (ER) -bound  DNA 
in  human  breast  cancer  cells  using  the  chromatin  immunoprecipitation  (ChIP)  protocol.  Two 
cross-linking  reagents  were  tested  in  ChIP.  Cisplatin  cross-links  protein  to  DNA,  and 
formaldehyde  cross-links  protein  to  DNA  and  protein  to  protein.  ER-bound  DNA  has  been 
isolated  using  ChIP  from  formaldehyde  cross-linked  human  breast  cancer  MCF7  (T5)  cells  (ER 
positive  and  hormone  dependent) .  Southern  blotting  analysis  shows  that  ER-DNA  contains  ER- 
responsive  genes  (ER,  PR,  pS2  and  c-myc) .  ER-bound  DNA  from  T5  cells  treated  with 
estradiol  (E2)  for  30,  60  and  120  min  were  isolated  and  analyzed  by  PCR.  PCR  analysis 
demonstrated  that  ER-DNA  contains  pS2  gene  promoter,  which  is  expressed  in  ER  positive 
cells.  An  ER-bound  DNA  library  from  formaldehyde  cross-linked  T5  cells  has  been 
constructed.  ChIP-ER-DNA  were  cloned,  sequenced  after  pre-screening,  and  blast  searched  in 
GenBank.  Approximately  two  thousand  positive  colonies  were  collected  from  this  library, 
and  100  more  cloned  DNA  were  sequenced.  A  i5(ERE)“Spl  sequence  has  been  identified  in  PACE4 
(pro-protein  convertase)  and  EWS  (Ewing's  sarcoma)  genes.  Northern  blotting  and  RT-PCR 
analyses  show  that  PACE4  is  down-regulated,  but  EWS  is  not,  by  estradiol. 


14.  SUBJECT  TERMS  ~  - - 

Estrogen-responsive  genes.  Estrogen  Receptor,  Chromatin 
Immunoprecipitation,  Molecular  Biology 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 
NSN  7540-01-280-5500 


18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE  OF  ABSTRACT 

Unclassified  Unclassified 


15.  NUMBER  OF  PAGES 

95 

16.  PRICE  CODE 

20.  LIMITATION  OF  ABSTRACT 


_ Unlimited 

Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  Z39-18 
298-102 


Table  of  Contents 


y 


Cover . : . i 

SF  298 . 2 

introduction . 4 

Body . 6 

Key  Research  Accomplishments . 19 

Reportable  Outcomes . 19 

Conclusions . . . 22 

References . 23 

Appendices . 26 


3 


INTRODUCTION 


The  goal  of  this  research  is  to  isolate  and  identify  the  estrogen  receptor  (ER)  associated 
genes  in  human  breast  cancer  cells.  Approximately  60%  of  ER  positive  human  breast 
tumors  need  estrogen  to  grow,  and  the  need  for  estrogen  corresponds  to  the  presence  of 
the  estrogen  receptor  in  the  tumor.  ER  is  a  transcription  factor  that  binds  directly  or 
indirectly  to  regulatory  regions  of  estrogen  responsive  genes.  In  the  presence  of  estradiol 
(E2),  ER  dimerizes  and  binds  to  estrogen  response  elements  (ERE)  to  turn  on  or  turn  off 
the  expression  of  the  genes,  which  are  required  in  order  for  breast  cancer  cells  to 
proliferate  (Luqmani  et  al.,  1989;  Berry  et  al.,  1989).  A  number  of  estrogen-inducible 
genes,  such  as  cathepsin  D  and  c-fos  genes,  have  ER  binding  to  DNA  with  help  from 
another  transcription  factor  Spl  (Krishnan  et  al.,  1994;  Safe,  2001;  Duan  et  al.,  1998).  In 
some  cases,  ER  operates  through  Spl  without  binding  to  DNA  (Xie  et  al.,  1999;  Duan  et 
al.,  1998;  Dubik  and  Shiu,  1992). 

Recently,  a  number  of  ER  responsive  genes  in  breast  cancer  cells  and  carcinoma 
have  been  identified  by  cDNA  microarrays,  suppression  subtractive  hybridization  (SSH), 
serial  analysis  of  gene  expression  (SAGE)  and  cDNA  subtraction  analysis  (Kuang  et  al., 
1998;  Yang  et  al,  1999;  Charpentier  et  al,  2000).  However,  all  of  the  reported  ER- 
responsive  genes  are  based  on  the  observed  increase  of  their  respective  mRNA  levels,  a 
result  of  transcriptional  activation  directly  or  indirectly  by  ER.  In  this  study,  we  used  a 
chromatin  immunoprecipitation  (ChIP)  strategy  to  isolate  ER-bound  genomic  DNA 
fragments  in  situ,  where  ER  plays  a  role  not  only  as  an  activator  or  a  repressor,  but 
perhaps  also  in  chromatin  structure. 


-t 

Two  different  procedures  were  used  to  cross-link  ER  to  DNA.  Cis- 
.  diamminedichloroplatinum  (cisplatin)  can  directly  cross-link  ER  to  DNA  (Zamble  and 
Lippard,  1995;  Olinski  et  al.,  1987;  Samuel  et  al.,  1998),  while  formaldehyde  can  directly 
and  indirectly  cross-link  ER  to  DNA  (Wrenn  and  Katzenellenbogen,  1990;  Dedon  et  al, 
1991;  Orlando  et  al.,  1997).  ER-DNA  from  ChIP  was  ligated  into  a  vector  and  was  used 
to  construct  an  ER-bound  genomic  DNA  library.  Approximately  two  thousand  ChIP’s 
DNA  clones  were  obtained,  over  seven  hundred  clones  were  pre-screened  for  previously 
sequenced  clones  and  one  hundred  clones  were  sequenced.  Blast  search  from  GenBank 
was  performed  to  identify  DNA  sequences  that  were  bound  to  ER  in  situ.  Several  genes 
in  the  ER-bound  DNA  library  have  been  identified  and  listed. 

Two  clones  contained  a  sequence  approximately  1000  base  pairs  downstream  of 
exon  17  of  PACE  4  gene.  A  !4(ERE)-Spl  sequence,  which  contains  a  14(ERE)  (GKjTAA) 
and  a  Spl  binding  sequence  (GCGGCAGGG),  was  found  in  this  region.  PACE  4  is  a 
mammalian  pro-protein  convertase  family  member  that  plays  an  important  role  in 
tumorigenesis  (Cheng  et  al,  1997;  Bassi  et  al,  2000).  An  analysis  of  breast  tumors 
revealed  that  PACE4  is  primarily  expressed  in  ER  positive  but  not  ER  negative  breast 
epithelial  cancer  cells  (Cheng  et  al,  1997).  The  results  of  Northern  blotting  analysis  and 
RT-PCR  show  that  PACE4  is  down  regulated  after  30  min  treatment  of  estradiol  in 
MCF7(T5)  cells.  EWS  (Ewing’s  sarcoma)  gene,  a  member  of  the  TET  family  of  RNA- 
binding  proteins,  is  commonly  involved  in  chromosomal  translocations  leading  to  the 
development  of  cancer  (Muerhoff  et  al,  1995).  RT-PCR  shows  that  EWS  is  not  induced 
by  estrogen;  however,  the  gene  exists  in  high  frequency  in  ER-bound  DNA  library. 
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5.  BODY  OF  REPORT 


A.  EXPERIMENT  METHODS 

i.  Cell  culture 

Human  breast  cancer  MCF-7  (T5)  cells  (ER-positive  and  hormone-dependent)  and  MDA 
MB  23 1  cells  (ER-negative  and  hormone-independent)  were  grown  as  described 
previously  (Experiment  Methods,  2001  and  2002  report).  MCF-7  (T5)  cells  were  grown 
in  estrogen  depleted  or  estrogen  replaced  conditions  as  described  before  (Sun  et  al.,  2001). 
Cells  cultured  under  E2  depleted  conditions  (or  serum-free  medium)  were  incubated  at  37 
°C  for  one  hour  with  10  nM  E2. 

ii.  Formaldehyde  and  cisplatin  cross-linking 

Formaldehyde  and  cisplatin  cross-linking  were  performed  as  described  previously 
(Experiment  Methods,  2001  report)(Spencer  and  Davie,  2002a;  Spencer  and  Davie, 

2002b).  Briefly,  cells  treated  Avith  or  without  E2  were  washed  twice  with  PBS,  and 
incubated  with  1%  formaldehyde  in  PBS  for  10  min  at  room  temperature.  After  washing, 
the  formaldehyde  cross-linked  cells  were  harvested  and  stored  at  -80  ®C.  Cisplatin  cross- 
linked  cells  were  carried  out  as  follows.  After  estradiol  treatment,  the  cells  were  washed 
twice  with  PBS,  and  incubated  with  1  mM  cisplatin  in  fresh  medium  at  37  “C  for  two 
hours.  After  washing,  cells  were  harvested  and  storied  at  -80  °C  until  use. 

iii.  Chromatin  immunoprecipitation  (ChIP)  and  PCR 
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Chromatin  immunoprecipitation  was  performed  as  described  previously  (Experiment 
Methods,  2001  and  2002  annual  reports).  ChIP-DNA  and  library  DNA  were  analyzed  by 
PCR  to  detect 

pS2  promoter:  For,  5’-GACGGAATGGGCTTCATGAGC,  and 
Rev,  5’-GATAACATTTGCCTAAGGAGG, 

ErbB2  promoter:  For,  5’-GTGTTGTCCCAGTTCTGTTTA,  and 
Rev,  5’-GTCTTTAGTTGAGAACCCTAG 
ERa  promoter:  For,  5’-CCTCCAGCACCTTTGTAATGC,  and 
Rev,  5’-AAAGAGCACAGCCCGAGGTTA, 

Vimentin  exon  1:  For,  5’-TCTATTTTGAAACTACGGACGTCGAGTTT,  and 
Rev,  5’-CCAGATCACGATTGCACCGGGAAGGTTT 

iv.  Pre-screening  of  library  DNA 

DNA  of  individual  clones  from  the  library  was  extracted  using  DNA  purification  column 
(Qiagen).  Restriction  enzyme  Notl  was  used  to  digest  DNA  and  the  positive  clone  DNA, 
that  contained  DNA  inset  with  different  size,  were  loaded  on  the  nylon  membrane 
HybonN+  (Ameshiam-Pharmacia)  in  the  dot  blot  equipment.  EWS  and  PACE4  fragments, 
which  have  been  identified  in  the  library,  were  randomly  radio-labeled  by  ^^P  -dCTP. 

The  radio-labeled  probes  were  hybridized  on  the  slot  blot  membrane  by  Southern  blotting 
analysis  (Delcuve  and  Davie,  1989).  The  negative  DNA,  that  did  not  cross  reacted  with 
the  previously  characterized  sequences,  were  selected  for  sequencing. 
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V.  Sequencing  and  Blast  search  of  GenBank 

The  plasmids  DNA  were  sequenced  using  ABI  Prism  310  Genetic  Analyzer.  The  DNA 
sequences  were  submitted  to  GenBank  (NIH)  database  and  identical  or  similar  sequences 
were  identified  by  the  Blast  search  program. 

vi.  Western  blotting  analysis  of  IP  efficiency  for  cross-linking 
The  cell  lysate  and  IP-unbound  fractions  from  formaldehyde  and  cisplatin  cross-linked 
cells  were  reversed  as  described  previously  (Experiment  Methods,  2001  report)(Sun  et  al., 
1996).  Equal  volumes  (10  pi)  of  cell  lysate  and  DP-unbound  fraction  were  loaded  onto 
polyaciylamide  gel  and  electrophoresed.  The  proteins  were  transferred  onto 
nitrocellulose  membrane  for  Western  blotting  analysis  as  described  previously 
(Experiment  Methods,  2001  report).  Anti-ER  mouse  monoclonal  antibodies  (Novacastra 
Laboratoried  Ltd)  were  used. 


vii.  Northern  blotting  analysis  and  RT-PCR 

Total  RNA  was  prepared  using  Trizol  reagent  (Invitrogen).  Northern  blotting  analysis 
was  performed  as  previously  described  (Sun  et  al.,  1999).  cDNA  fi"agments  were  labeled 
using  P  -dCTP  and  used  as  probes,  c-myc  cDNA  fragment  was  EcoRI-Bglll  insert  fi-om 
pJ5,  pS2  cDNA  fragment  was  from  pBRpS2/  Pstl.  PACE4  cDNA  fragment  was  a 
purified  PCR  product  covered  PACE4  exon  16.  GAPDH  cDNA  fragment  was  a  purified 
PCR  product  covered  GAPDH  exon  7. 

Primers  for  GAPDH  exon7.  For:  AAGGTCATCCCTGAGCTGAAC 

Rev:  CCAGGAAATGAGCTTGACAAA. 


X  * 


RT-PCR  was  carried  out  as  described  before  (Sun  et  al.,  1999).  The  primers  used  in  RT- 
PCR  were  as  follows: 

PACE4  exon  16,  For:  CTATGGATTTGGTTTGGTGGAC 
Rev:  AGGCTCCATTCTTTCAACTTCC 
c-myc  exon2.  For:  ACTGCCTCCCGCTTTGTGTGC 
Rev:  CTAGGGGACAGGGGCGGGGTG 
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B.  RESULT  AND  DISCUSSION 

The  goal  of  this  project  is  to  isolate  ER  associated  DNA  sequences  in  human  breast 
cancer  cells.  The  chromatin  immunoprecipitation  protocol  was  designed  to  isolate  DNA 
that  was  bound  to  ER  in  cells  using  formaldehyde  and  cisplatin  cross-linking  strategies. 
Formaldehyde  produces  direct  and  indirect  protein-DNA  cross-links;  however,  cisplatin 
only  produces  direct  protein-DNA  cross-links.  ChIP  -DNA  from  formaldehyde  and 
cisplatin  cross-linked  human  breast  cancer  MCF-7(T5)  cells  were  analyzed.  An  ER- 
bound  genomic  DNA  library  from  formaldehyde  cross-linked  MCF-7(T5)  cells  was 
constructed.  Approximately  two  thousand  clones  were  obtained  from  this  library,  and  one 
hundred  of  these  clones  were  sequenced.  Using  Blast  search  program,  we  have  identified 
a  few  novel  ER  associated  DNA  sequences.  Two  clones  contained  a  sequence  1  kb 
downstream  of  exon  17  of  the  PACE4  gene.  PACE4  is  a  mammalian  proprotein 
convertase  that  plays  an  important  role  in  tumorigenesis.  Northern  blotting  and  RT-PCR 
analyses  show  that  PACE4  was  down  regulated  by  estrogen  in  breast  cancer  cells.  RT- 
PCR  analysis  shows  that  EWS  gene  was  not  regulated  by  estrogen.  EWS  gene  associated 
with  ER  may  play  a  structural  function  in  breast  cancer  cells,  since  it  contains  a  14(ERE)- 
Spl  sequence  in  exon  16  and  exists  in  the  library  with  high  frequency.  Upon  sequencing 
all  of  the  clones  that  did  not  cross  reacted  with  previously  sequenced  DNA  from  ER- 
bound  DNA  library,  a  detailed  list  of  ER-binding  DNA  sequences  will  be  published. 

1.  Chromatin  Immunoprecipitation  using  cisplatin  cross-linking 
a.  Optimization  of  cisplatin  cross-linking  protocol 


10 


Formaldehyde  cross-linking  is  commonly  used  in  the  ChIP  protocol  to  identify  DNA 
fragments  directly  or  indirectly  associated  with  proteins.  However,  comparison  of  the 
DNA  directly  bound  to  ER  with  that  indirectly  bound  allow  us  to  understand  the  ER 
regulation  at  the  different  promoters  in  breast  cancer  cells.  To  isolate  and  characterize  the 
DNA  directly  bound  to  ER  in  situ,  we  developed  a  cisplatin  cross-linking  protocol. 
Cisplatin  binds  bifimctionally  to  DNA,  directly  cross-links  protein  to  DNA.  We  have 
discovered  that  cisplatin  cross-linked  ER  to  nuclear  DNA  in  human  breast  cancer  cells. 

To  optimize  cisplatin  cross-linking  conditions,  we  first  tested  the  sonication 
conditions.  From  the  previous  formaldehyde  cross-linking  ChIP  experiments,  we 
believed  that  short  DNA  sizes  (approximately  300-500  base  pairs)  was  better  for  ChIP, 
since  longer  DNA  sequences  make  it  difficult  to  map  site  of  ER  binding.  We  optimized 
the  sonication  conditions  and  found  that  few  more  times  of  sonication  pulses  (15  seconds 
pulse)  yielded  the  desired  DNA  length.  Fig.l  shows  that  under  our  sonication  conditions, 
the  DNA  sizes  ranged  from  200  to  600  base  pairs  (average  length  300  bp)  in  both 
formaldehyde  cross-linked  and  cisplatin  cross-linked  cells. 

Since  ER  was  cross-linked  to  DNA  by  cisplatin,  the  ER  conformation  may  be 
changed  which  in  turn  might  affect  the  binding  ability  of  the  antibody.  As  a  result,  we 
next  tested  the  IP  efficiency  in  cisplatin  cross-linked  cell  lysate.  The  cisplatin  cross- 
linked  MCF7(T5)  cell  lysate  was  incubated  with  anti-ER  antibodies,  and  the  unbound 
fraction  was  collected  and  reversed  by  thiourea.  Equal  volume  of  thiourea  reversed  cell 
lysate  and  unbound  fraction  were  electrophoresed  on  SDS  acrylamide  gel  and  transferred 
onto  nitrocellulose  membrane  for  Western  blotting  analysis  (Fig.2  A).  The  agarose  beads 
which  contained  ER-DNA  complexes  were  incubated  with  thiourea  to  reverse  cross-links. 
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DNA  was  released  into  the  supernatant  fraction.  The  proteins  remained  in  the  beads  were 
loaded  onto  SDS-PAGE  to  carry  out  Western  blotting  analysis  (Fig.2  B).  The  results 
from  Western  blotting  analysis  show  that  under  this  condition,  ER  antibodies  could 
immunoprecipite  ER  in  cisplatin  cross-linked  cells.  However,  the  efficiency  of  IP  was 
low  in  comparison  with  cells  that  were  not  cross-linked  (see  Fig.  1,  2001  report). 

b.  Analysis  of  DNA  bound  directly  to  ER 

ER-bound  DNA  was  isolated  from  cisplatin  cross-linked  MCF7  (T5)  cells  by  ChIP 
procedure.  The  ChIP-DNA  from  cisplatin  cross-linked  cells  was  analyzed  by  PCR  using 
two  estrogen-inducible  promoters,  pS2  promoter  and  ERa  promoter.  The  pS2  promoter 
contains  a  consensus  ERE  sequence  with  one  nucleotide  alteration 
(AGTCACGGTGGCC)  and  few  weak  Spl  binding  sites  (see  Result,  2001  report).  ERa  is 
an  auto-regulated  gene,  and  the  ERa  promoter  contains  a  ’/2  (ERE)  sequence  (TGACC) 
and  few  strong  Spl  binding  sequences  (such  as  GGGCCGGGG)  (Castles  et  al.,  1997). 

ER-DNA  isolated  by  ChIP  or  directly  (as  Input)  from  MCF7(T5)  cells  treated 
with  or  without  estradiol  (10  nM  for  one  hour)  was  used  as  a  template.  PCR  results 
showed  that  estradiol  significantly  increased  the  association  of  ER  with  the  pS2  promoter 
in  formaldehyde  cross-linked  MCF7(T5)  cells  that  was  identical  with  our  former 
observation  (see  Fig.2,  2002  report).  Surprisingly,  there  is  no  significant  alteration  of  the 
association  of  ER  with  pS2  promoter  after  estrogen  induction  in  cisplatin  cross-linked 
MCF7(T5)  cells  (Fig.3).  In  ERa  promoter,  estradiol  increased  ER  binding  in  both  of 
formaldehyde  cross-linked  and  cisplatin  cross-linked  MCF7  (T5)  cells  (Fig.3). 
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Formaldehyde  is  a  very  reactive  dipolar  compound  and  cross-links  protein  to 
DNA  and  protein  to  protein  in  2  A  distance  (Orlando  v  1997).  However,  cisplatin  has  a 
sequence  preference  for  purine  N7,  and  it  cross-links  guanine  and  thymidine  to  protein  in 
4  A  distance.  We  do  not  know  why  cisplatin  poorly  cross-linked  ER  to  ERE  sequence  in 
pS2  promoter,  it  maybe  due  to  cross-linker’s  sequence  preference. 

ErbB2  was  reported  as  an  estrogen  down-regulated  gene  in  breast  cancer  cells 
(Bates  and  Hurst,  1997)  and  its  promoter  contains  a  '/i(ERE)-Spl  sequence.  In  cisplatin 
cross-linked  ChIP-DNA,  estrogen  reduces  ER  bound  in  ErbB2  promoter  (Fig.  3). 
Vimentin  exonl  that  does  not  contain  any  ERE  or  !4(ERE)  sequences  was  used  as  a 
negative  control.  PCR  result  showed  that  ER  does  not  bind  in  this  sequence  (Fig.3  D). 

Formaldehyde  is  commonly  used  as  a  cross-linking  agent  in  ChIP  to  identify 
DNA  fragments  associated  with  interesting  target  proteins  (Gerhold  et  al.,  1999;  Orlando 
et  al.,  1997;  Orlando  and  Paro,  1993).  ER-bound  DNA  from  formaldehyde  cross-linked 
cells  contains  DNA  sequences  directly  and  indirectly  associated  with  ER  in  vivo.  In  this 
project,  we  developed  a  novel  cisplatin  cross-link  ChIP  protocol  to  identify  DNA  directly 
bound  to  ER.  Based  on  the  above  experiments,  we  found  that  two  major  obstacles  limit 
the  application  of  cisplatin  in  ChIP.  In  the  previous  experiment,  we  found  that  at  high 
concentration  (>  1  mM)  of  cisplatin,  the  cytotoxicity  of  cisplatin  became  increasingly 
evident.  Cross-linking  protein  to  DNA  using  cisplatin  under  noapoptosic  conditions  need 
approximately  one  to  two  hours  (Samuel  et  al.,  1998).  Recent  evidence  demonstrates  that 
transcription  factors  dynamically  associate  with  DNA  (Shang  et  al.,  2000;  Chen  et  al., 
1999).  ChIP-DNA  from  cisplatin  cross-linked  for  two  hours  was  the  DNA  from 
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accumulated  protein-DNA  complexes  during  this  time  period.  Since  cisplatin 
preferentially  cross-links  protein  to  DNA  sequences  that  are  rich  in  guanine.  PCR 
analysis  of  cisplatin  cross-linking  ChIP-DNA  could  not  reflect  the  accurate  loading  of 
proteins  in  the  DNA. 

2.  Estrogen-responsive  genes  library 

ER-bound  genomic  DNA  library  in  breast  cancer  MCF7  (T5)  cells  has  been  established. 
The  strategy  of  construction  of  formaldehyde  cross-link  ER-bound  DNA  library  is 
presented  in  the  flowchart  (Fig.  4).  This  strategy  contains  three  major  procedures;  the 
isolation  of  ChIP-DNA,  the  construction  of  ChIP-DNA  library  and  the  identification  of 
genes  from  GenBank. 

MCF7(T5)  cells  were  cross-linked  with  1%  formaldehyde  and  the  cell  lysate  was 
prepared  after  sonication  to  reduce  DNA  to  200-600  bp.  ER-associated  DNA  were 
immunoprecipitaed  by  anti-ER  antibodies.  After  thiourea  reversing  of  cross-link,  ChIP- 
DNA  was  collected  and  ligated  to  a  unique  linker  and  amplified  (Experimental  Methods, 
2002  report).  PCR  produced  DNA  was  inserted  into  vector  pGEM-Easy.  After 
transformation,  the  individual  colonies  were  cloned  and  cloned  DNA  was  extracted.  To 
avoid  re-sequencing  previously  characterized  DNA  sequences  we  developed  a  pre¬ 
screening  protocol  which  will  set  aside  previously  characterized  sequences.  Cloned  DNA 
was  digested  by  restriction  enzymes  Notl  and  the  positive  clones  containing  different  size 
ChIP-DNA  were  dotted  onto  a  Nylon  membrane  using  a  slot  blot  manifold.  DNA 
fragments  that  have  been  characterized  from  previous  batches  of  clones,  such  as  EWS 
and  PACE4,  were  ^^P  radio-labeled  as  probes.  After  hybridization,  the  negative  clones 
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were  selected  for  the  future  sequencing  as  new  ER  targets  (Fig.  5).  Table  I  lists  the  clone 
number,  prescreening  clone  number  and  sequencing  clone  number.  Approximately  2000 
clones  were  prepared.  Only  a  limited  number  of  clones  have  been  sequenced  so  far.  Table 
n  lists  the  genes  which  were  identified  in  GenBank  Blast  search  program.  All  of  the 
identified  fi'agments  were  directly  or  indirectly  binding  to  ER,  these  fragments  may  or 
may  not  contain  (ERE)  or  ’A(ERE).  All  of  the  sequenced  clones  contained  'A(ERE)  or 
*/2(ERE)-Spl  sequences. 

Since  only  very  limited  number  of  clones  fi'om  this  library  has  been  sequenced, 
few  known  estrogen-inducible  genes,  such  as  pS2,  were  not  yet  identified  in  this  library. 
After  sequencing  more  clones  from  this  library,  we  will  publish  a  list  of  ER-bound  genes 
in  hurnan  breast  cancer  cells.  Interestingly,  few  novel  genes  contained  ER-bound 
fi-agments  were  identified  in  this  library. 

3.  PACE4  gene  is  down-regulated  by  estradiol  in  ER  positive  breast  cancer  cells 

There  were  two  clones  in  this  library  containing  a  sequence  1  kb  downstream  of  exon  17 
of  the  PACE4  gene  (see  Fig.  4  and  Fig.  6,  2002  report).  We  scanned  the  sequence,  246 
nucleotide  region  of  exon  17  of  PACE4  gene,  for  the  presence  of  ERE,  '/2(ERE)  and  Spl 
binding  sites.  A  l4(ERE)-(N)x-Spl  site  was  found  in  this  region,  suggesting  that  ER  was 
associated  with  this  region  in  situ. 

PACE4  is  a  mammalian  pro-protein  convertase  family  member  and  plays  an 
important  role  in  tumorigenesis.  An  analysis  of  breast  cancer  tumors  revealed  that 
PACE4  is  primarily  expressed  in  ER  positive  but  not  ER  negative  breast  epithelial  cancer 
cells  (Cheng  et  al.,  1997).  This  observation  is  congruent  with  the  possibility  that  PACE4 
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is  an  estrogen  responsive  gene.  Northern  blotting  analysis  and  reverse-transcription  (RT)- 
PCR  were  used  to  test  if  PACE4  is  responsive  to  estrogen  treatment.  Total  RNA 
extracted  from  MCF(T5)  cells  treated  with  10  nM  E2  for  different  time  (0  to  150  min). 
The  cDNA  fragments  of  PACE4,  pS2  and  c-myc  were  radio-labeled  as  probes  in 
Northern  blotting  analysis.  Fig.  6  shows  that  the  expression  of  pS2  and  c-myc  increase 
after  30  minutes  of  estradiol  induction.  However,  PACE4  expression  was  reduced  after 
30  minutes  of  estradiol  treatment.  When  E2  incubation  is  extended  to  60  to  90  minutes, 
mRNA  returned  to  normal  levels.  In  one  preparation,  the  level  of  PACE4  mRNA  dropped 
again  after  90  to  120  minutes.  The  result  from  RT-PCR  was  identical  with  Northern 
blotting  analysis.  Fig.  7  shows  that  PACE4  mRNA  level  declined  after  30  minutes  of  E2 
treatment.  Both  Northern  blotting  and  RT-PCR  analyses  provided  evidence  that  PACE4 
was  an  estrogen  down-regulated  gene  in  breast  cancer  cells. 

®J*^ctions  as  a  transcriptional  activator  in  most  of  estrogen-responsive  genes  in 
ER  positive  and  hormone  dependent  human  breast  cancer  cells.  So  far,  very  few  genes 
have  been  characterized  as  estrogen  down-  regulated  genes,  such  as  ErbB2.  PACE4  gene 
IS  another  estrogen  down-regulated  gene  in  breast  cancer  cells  and  tumors. 

5.  EWS  gene  associated  with  ER  is  not  induced  by  estradiol  in  breast  cancer  cells 
Interestingly,  a  DNA  fragment  located  downstream  of  exon  16  of  EWS  gene  was  found 
in  ER-bound  DNA  library  with  high  frequency.  A  '/2(ERE)-Spl  sequence  has  been 
detected  in  this  region  (see  Fig.5  and  Fig.6,  2002  report).  In  the  pre-screening  dot  blot 
analysis,  a  number  of  clones  were  homologous  with  EWS  DNA  fragment.  We  have 
tested  EWS  expression  as  a  function  of  estrogen  treatment.  Preliminary  RT-PCR  results 
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show  that  EWS  was  expressed  in  breast  cancer  cells;  however,  it  Avas  not  induced  by 
estradiol  (Fig.  8). 

EWS  gene  is  commonly  involved  in  chromosomal  translocations  that  lead  to  the 
development  of  cancer.  EWS  may  have  a  role  in  coupling  transcription  and  RNA 
processing  (Arvand  and  Denny,  2001).  It  will  be  interesting  to  understand  the  mechanism 
and  significance  of  ER  binding  to  EWS  gene  in  breast  cancer  cells.  From  this  preliminary 
experiment,  we  suggest  that  ER  bound  to  EWS  gene  may  play  a  structural  rather  than  a 
functional  role. 

D.  RECOMMENDATIONS 

In  the  three  years  study,  we  have  established  an  ER-bound  genomic  DNA  library  fi'om 
breast  cancer  cells.  ER-bound  DNA  was  isolated  by  chromatin  immunoprecipitation 
protocol  from  formaldehyde  cross-linked  breast  cancer  MCF7  (T5)  cells.  ChIP-DNA 
should  contain  all  ER-bound  DNA  sequences  that  are  not  only  responsible  for 
transcription  but  also  may  have  a  structural  role.  Two  thousand  more  clones  have  been 
isolated,  and  seven  hundred  of  these  clones  have  been  tested  by  a  developed  pre¬ 
screening  procedure.  A  limited  number  of  clones  have  been  sequenced  and  blast  searched 
in  GenBank.  Few  genes  containing  1/2(ERE)  or  '/2(ERE)-Spl  were  found  in  the  ER-bound 
DNA  library  and  listed.  We  will  publish  a  list  of  ER-associated  genes  in  breast  cancer 
cells  after  we  sequence  all  of  the  clones  selected  from  the  pre-screening  procedure. 

A  mammalian  pro-protein  convertase  PACE4  gene  was  detected  in  the  library. 
Northern  blotting  analysis  and  RT-PCR  revealed  that  PACE4  was  down-regulated  by 
estradiol  in  30  to  60  minutes.  PACE4  plays  a  role  in  tumorgenesis  and  is  expressed  only 
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in  ER  positive  breast  cancer  cells.  Characterization  of  PACE4  regulation  in  breast  cancer 
cells  and  tumors  may  have  a  clinic  and  diagnostic  significance. 

Another  fi-equently  repeated  EWS  fragment  is  found  in  ER-DNA  library  but  is  not 
estrogen  inducible.  EWS  gene  is  involved  in  oncogenesis  in  a  number  of  cancer  cells  and 
tumors.  ER  bound  to  EWS  DNA  may  play  a  structural  role  in  breast  cancer  cells. 
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6.  KEY  RESEARCH  ACCOMPLISHMENTS 


-  Analysis  of  ChIP-DNA  from  formaldehyde  cross-linked  and  cisplatin  cross-linked 
breast  cancer  MCF7  (T5)  cells. 

-  Establishment  of  a  genomic  DNA  library  of  ER-associated  genes  in  breast  cancer  cells 
by  formaldehyde  cross-linking. 

-  A  list  of  ER-associated  genes  from  ER-DNA  library  of  MCF(T5)  cells. 

-  PACE4  gene  containing  ’/4(ERE)-Spl  sequence  at  the  downstream  of  Exon  17. 

-  PACE4  is  down-regulated  by  estrogen  in  breast  cancer  cells. 

-  EWS  gene  is  not  estrogen  inducing  gene.  ER  bound  to  EWS  DNA  may  play  a  role  in 
chromatin  structure. 

7.  REPORTABLE  OUTCOMES 
A.  Pulications: 

1 .  Sun  JM,  Spcnccr  VA,  Chen  HY.  Li  L,  Davie  JR.  Measurement  of  histone 
acetyltransferase  and  histone  deacetylase  activities  and  kinetics  of 
histone  acetylation. 

Methods.  2003  Sep;31(l):12-23. 

2.  SpcnccLVA,  Sun  JM,  Li  L.  Davie  JR.  Chromatin  immunoprecipitation:  a  tool 

for  studying  histone  acetylation  and  transcription  factor  binding. 

Methods.  2003  Sep;31(l);67-75. 

3.  Davie  JR.  Inhibition  of  histone  deacetylase  activity  by  butyrate. 

J  Nutr.  2003  Jul;133(7  Suppl):2485S-2493S 
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4.  Sun  JM.  Chen  HY.  Moniwa  M.  Litchfield  DW.  Seto  E.  Davie  JR.  The 
transcriptional  repressor  Sp3  is  associated  with  CK2-phosphorylated 
histone  deacetylase  2. 

J  Biol  Chem.  2002  Sep  27;277(39);35783-6.  Epub  2002  Aug  09. 

5.  Sun  JM.  Chen  HY.  Davie  JR.  Isolation  of  transcriptionally  active  chromatin 
from  human  breast  cancer  cells  using  Sulfolink  coupling  gel 
chromatography. 

J  Cell  Biochem.  2002;84(3):439-46. 

6.  Sun  JM.  Chen  HY.  Davie  JR.  Effect  of  estradiol  on  histone  acetylation 
dynamics  in  human  breast  cancer  cells. 

J  Biol  Chem.  2001  Dec  28;276(52);49435-42.  Epub  2001  Oct  26. 

7-  Spencer  VA  and  Davie  JR.  Isolation  of  proteins  cross-linked  to  DNA  by 
cisplatin,  The  protein  protocol  handbook 

8  Spencer  VA  and  Davie  JR.  Isolation  of  proteins  cross-linked  to  DNA  by 
formaldehyde,  The  protein  protocol  handbook 

B.  Abstracts: 

1.  Differential  distribution  of  Spl  and  Sp3  in  human  breast  cancer  cells, 
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2001  AACR-NCI-EORTC  International  Conference  on  Molecular 
Targets  and  Cancer  Therapeutics. 

2.  Isolation  and  characterization  of  estrogen  responsive  genes  in  human 
breast  cancer  cells, 

Era  of  Hope  2002  meeting 

C.  Presentations; 

2001  FASEB  Summer  Research  Conference  on  Nuclear  Structure  and 
Cancer 

D.  Employment  or  research  opportunities  applied  for  and/or  received  based  on 
experience/training  supported  by  this  award 

1,  The  following  is  a  list  of  personnel  receiving  pay  from  this  research  effort. 

Jian-Min  Sun,  professional  associate 
Xiuli  Ma,  technician 
Charlene  Bergen,  dishwasher 

2,  Virginia  Spencer,  obtained  Ph.D.  degree  in  August  2003,  supported  by  this 
award. 
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8.  CONCLUSIONS 


ER  plays  a  key  role  in  the  transcription  regulation  of  estrogen-responsive  genes  in  breast 
cancer  cells.  A  number  of  estrogen-responsive  genes  have  been  identified  by  cDNA 
microarrays,  suppression  subtractive  hybridization  (SSH),  serial  analysis  of  gene 
expression  (SAGE)  or  cDNA  subtraction  assay.  However,  these  procedures  are  based  on 
mRNA  expression  level.  We  used  chromatin  immunoprecipitation  protocol  to  isolate  ER- 
bound  DNA  fragments  in  situ.  The  ER-bound  DNA  library  should  contain  all  of  ER- 
bound  DNA  which  are  induced  or  repressed  by  estrogen,  or  may  play  a  structural  role  in 
breast  cancer  cells. 

Following  the  project  schedule,  we  have  analyzed  the  ChIP-DNA  from 
formaldehyde  and  from  cisplatin  cross-linked  breast  cancer  cells.  A  genomic  DNA 
library  containing  ER-bound  DNA  fragments  in  situ  was  established.  A  list  of  ER-bound 
DNA  in  breast  cancer  cells  was  presented. 

PACE4  gene  was  identified  in  ER-bound  DNA  library.  Downstream  of  PACE4 
exon  17,  a  !4(ERE)-Spl  sequence  has  been  found.  PACE4  is  a  mammalian  pro-protein 
convetase  and  may  play  a  role  in  tumorigenesis.  Northern  blotting  analysis  and  RT-PCR 
show  that  PACE4  is  an  estrogen  down  regulated  gene. 

EWS  gene  is  involved  in  chromosome  relocalization  and  tumor  development.  The 
preliminary  data  shows  ER  bound  to  EWS  gene  exon  16  and  it  may  play  a  structural 
function  in  breast  cancer  cells. 
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APPENDIX  COVER  SHEET 


10.  APPENDICES 


Table  1 

Formaldehyde  cross-link  ER-bound  ChIP-DNA  library 


Clone  number 

2068 

Plasmid  number 

1757 

Pre-screening  clones 

705 

Sequencing  clones 

124 

Table  2 


List  of  ER-bound  DNA  from  ChIP-DNA  library 


Gene 

Binding  site 

Sequence 

Clone 

numbers 

PACE4 

’/2(ERE)-Spl 

GGTAAGCGGCAGGG 

2 

EWS 

'/2(ERE)-Spl 

ACTGGAAAGCGGGC 

5 

Human  normal 

cartilase  (HNC) 

1/2(ERE)-Spl 

ACTGGGAAAACCCTGGCGTTA 

1 

Carboxypeptidase 

(CPE) 

!/2(ERE) 

GGTCA 

2 

Telomeric  DNA 

Clone  10PTEL19 

'/2(ERE)-Spl 

GGTAAGCGGCAGGG 

1 

Beta-lactamase 

(tumor  protein  ?) 

5 

B.  FIGURES 


C 


O  B 


Fig.l.  T5  cells  cross-linked  by  1%  formaldehyde  for  10  min  and  ImM  cisplatin  for  2 
hours  were  lysed  by  sonication.  DNA  was  extracted  from  chromatin  by 
phenol/chloroform,  loaded  on  1%  agarose  gel,  and  stained  with  ethidium  bromide. 
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Fig.2.  Western  blot  analysis  of  cisplatin  cross-linked  T5  cell  fractions  using  anti-ERa 
monoclonal  antibodies.  Ten  microliter  of  cell  lysate  and  ChIP’s  imbound  fraction  was 
reversed  by  thiourea  from  cisplatin  cross-linking  were  loaded  on  10%  SDS 
polyaciylamide  gel  and  immunochemically  stained  with  anti-  ERa  monoclonal  antibodies 
(A).  Thiourea  reversed  cell  lysate  and  protein  A-Sephorose  beads  were  loaded  onto  10% 
SDS  polyacrylamide  gel  and  immunochemically  stained  with  anti-  ERa  monoclonal 
antibodies  (B). 
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Fig.3.  PCR  analysis  of  chromatin  inmnmoprecipitated  DNA  anti-ERa  monoclonal 
antibodies  from  formaldehyde  (HCHO-X-link)  and  cisplatin  cross-linked  (Cis-X-link) 
MCF7  (T5)  cells.  Equal  volume  (1  pi)  of  ChIP-DNA  was  used  in  each  PCR  reaction  as 
template  and  1  pM  of  primers  of  pS2  promoter,  ERa  promoter,  ErbB2  promoter  and 
vimenten  exonl  were  added  in  25  pi  of  reaction.  Ten  pi  of  reaction  was  loaded  on  1% 
agarose  gel  and  stained  with  ethidium  bromide. 
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Fig.4.  Strategy  for  construction  of  ER-DNA  library  using  ChIP  procedure. 
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Fig.5.  Dot  blot  analysis  of  pre-screening  clone  DNA  ffomER-DNA  libraiy.  Individual 
clones  were  grown  in  2  ml  of  LB  and  DNA  was  extracted  using  plasmid  purification 
column  (Quagen).  Equal  volumes  (5  pi)  of  DNA  were  dotted  onto  a  nylon  HybondN+ 
membrane  (Amesham-Pharmacia).  DNA  fragments  of  EWS  and  PACE4  were  labeled 
using  ^^P-dCTP  and  hybridized.  The  membrane  was  exposed  to  X-ray  film. 
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Fig.6.  Northern  blotting  analysis  of  PACE4  in  MCF7  (T5)  cells.  MCF7  (T5)  cells  were 
incubated  with  10  nM  E2  for  0  to  150  min,  and  RNA  was  extracted  using  Trizol  reagent. 
Twenty  (ig  of  total  RNA  were  loaded  onto  1%  agarose  gel  and  stained  by  ethidium 
bromide.  RNA  was  transferred  onto  a  nylon  HyboundN+  membrane  and  hybridized  with 


cDNA  fragments,  c-myc,  pS2,  GAPDH  and  PACE4.  The  membranes  were  exposed  to  X- 
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Fig.7.  RT-PCR  analysis  of  PACE4  in  T5  cells.  cDNA  was  prepared  by  reverse 
transcription  of  RNA  extracted  from  10  nM  E2  induced  T5  cells.  Equal  volumes  (5  pi ) 
of  cDNA  and  1  pM  primers,  c-myc  exon  2  and  PACE4  exon ,  were  used  in  PCR.  Equal 
volumes  (10  pi)  of  PCR  reaction  were  loaded  onto  1%  agarose  gel  and  stained  by 


ethidium  bromide. 


Fig.8.  RT-PCR  analysis  of  EWS  in  MCF7  (T5)  cells.  cDNA  was  prepared  by  reverse 
transcription  (see  Fig.7).  1  pM  of  EWS  exon  primer  was  used  in  PCR  and  10  pi  of  PCR 
reaction  was  loaded  onto  1%  agarose  gel. 
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Abstract 

Dynamic  histone  acetylation  has  a  role  in  chromatin  remodeling  and  in  the  regulation  of  transcription.  Histone  deacetylases 
(HDACs)  and  histone  acetyltransferases  (HATs)  catalyze  reversible  histone  acetylation.  HATs  and  HDACs  exist  as  multiprotein 
complexes  that  have  coactivator  and  corepressor  activities,  respectively.  The  steady-state  level  of  acetylation  at  a  chromatin  site  is 
determined  by  the  local  net  activities  of  these  enzymes.  Here  we  describe  methods  to  isolate  different  subcellular  fractions  (cytosol, 
nuclei,  tightly  bound  nuclear,  loosely  bound  nuclear,  immunoprecipitated  multiprotein  complexes,  and  nuclear  matrix)  to  determine 
the  subcellular  distribution  of  HAT  and  HDAC  activities.  Procedures  to  assay  the  activities  of  these  enzymes  and  to  measure  the 
kinetics  of  histone  acetylation  and  deacetylation  are  presented. 

©  2003  Published  by  Elsevier  Science  (USA). 

Keywords:  Histone  acetyltransferase;  Histone  deacetylase;  Kinetics  of  histone  acetylation;  Subcellular  fractionation 


1.  Introduction 

1.1.  Histone  modification  and  chromatin  structure 
remodeling 

Chromatin  structure  has  a  central  role  in  the  regula¬ 
tion  of  gene  expression  [1].  The  core  particle  of  chro¬ 
matin,  the  nucleosome,  contains  four  core  histones 
(H2A,  H2B,  H3,  H4)  around  which  is  wrapped  146  bp  of 
DNA,  The  amino-terminal  tails  of  the  core  histones  are 
modified  by  several  processes,  including  acetylation, 
phosphorylation,  methylation,  and  ADP-ribosylation 
[2].  In  the  1960s,  it  was  observed  that  transcription  was 
linked  to  histone  acetylation  [3].  Recent  studies  dem¬ 
onstrate  that  the  H3  and  H4  N-terminal  tails  participate 
in  chromatin  fiber  folding  and  intermolecular  fiber-fiber 
interaction  [4-6].  Acetylation  of  the  core  histone  tails 
disrupts  higher-order  chromatin  folding  and  interac¬ 
tions  with  nonhistone  chromosomal  proteins.  Con¬ 
densed  heterochromatin  regions  are  generally  poorly 
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acetylated,  while  decondensed  euchromatin  regions 
containing  transcriptionally  competent  and  active  genes 
are  associated  with  acetylated  histones  [7,8]. 

The  histone  N-terminal  domains  can  be  acetylated  at 
various  lysine  residues  (5  in  H3;  4  in  H4;  4  in  H2B;  and  1 
or  2  in  H2A).  Thus,  H3,  H2B,  and  H4  can  be  mono-,  di-, 
tri-,  and  tetra-acetylated  (Fig,  lA).  Dynamically  acety¬ 
lated  histones  attaining  high  levels  of  acetylation  are 
associated  with  transcribed  and  transcriptionally  com¬ 
petent  chromatin  [9]. 

1.2.  Dynamic  histone  acetylation 

Histones  are  dynamically  acetylated  by  histone  de¬ 
acetylases  (HDACs)  and  histone  acetyltransferases 
(HATs)  (Fig.  IB).  In  mammalian  and  avian  cells,  one 
population  of  histones  is  rapidly  hyperacetylated 
(^1/2  =  7  min  for  monoacetylated  H4)  and  rapidly  de- 
acetylated  (^i/2  =  3-7 min)  [10-12].  This  population  of 
rapidly  acetylated  and  deacetylated  histone  is  limited  to 
approximately  10%  (in  human  breast  cancer  MCF-7 
(T5)  and  MDA  MB  231  cells)  to  15%  (in  hepatoma 
tissue  culture  cells)  of  the  core  histones.  A  second  pop¬ 
ulation  of  histones  is  slowly  acetylated  {txjj  —  200- 
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Fig.  1.  (A)  N-terminal  tails  of  core  histones  are  modified  by  several 
postsynthetic  modifications:  acetylation  (Ac),  methylation  (Me),  and 
phosphorylation  (P).  These  modifications  are  reversible  with  the  pos¬ 
sible  exception  of  methylation.  (B)  Dynamic  histone  acetylation  occurs 
on  lysine  residues  and  is  catalyzed  by  histone  deacetylases  (HDACs) 
and  histone  acetyltransferases  (HATs). 


300  min  for  monoacetylated  H4)  and  deacetylated 
(h/2  =  30  min)  [10,12].  In  avian  immature  erythrocytes 
only  2%  of  the  core  histones  are  engaged  in  dynamic 
acetylation.  The  slow  rate  of  histone  acetylation  is  not 
present.  When  cells  are  exposed  to  [^Hjacetate  for  a  brief 
time  (5-1 5  min)  in  the  presence  of  sodium  butyrate  (an 
HD  AC  inhibitor),  the  radiolabel  becomes  incorporated 
predominantly  into  lower  acetylated  species  (e.g.,  di- 
acetylated  H4)  (Fig.  2).  However,  longer  labeling  times 
(e.g.,  more  than  60  min)  in  the  presence  of  butyrate  result 
in  the  labeling  of  higher  acetylated  histone  isoforms  [12]. 

1.3.  HATs  and  HDACs  in  gene  regulation 

Multiple  HATs  have  been  identified,  with  many  of 
the  HATs  having  coactivator  activity  [13-15].  Acetyla¬ 
tion  of  histone  tails  by  HATs  disrupts  higher-order 
chromatin  folding  and  promotes  the  solubility  of  chro¬ 
matin  at  physiological  ionic  strength.  The  coactivators, 
CBP,  p300,  PCAF,  and  Tip60,  are  potent  HATs.  In 
addition  to  their  HAT  activity,  these  multiprotein  com¬ 
plexes  recruit  the  general  transcription  factors  and  RNA 
polymerase  II.  In  contrast  to  HATs,  the  recruitment  of 
HDACs  causes  the  removal  of  acetyl  groups  from  his¬ 
tone  tails,  stabilizing  nucleosome  structure,  promoting 
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Fig.  2.  Radiolabeling  of  histones.  Histones  from  human  breast  cancer 
MDA  MB  231  cells  incubated  without  or  with  lOmM  sodium  butyrate 
for  15  min  were  separated  on  an  acetic  acid-urea-Triton  X-100 
(AUT)-15%  polyacrylamide  gel,  and  the  gel  was  stained  with  Coo- 
massie  blue  and  fluorographed.  0,  1,  2,  3,  and  4  correspond  to  un-, 
mono-,  di-,  tri-,  and  tetra-acetylated  histone  isoforms,  respectively. 


fiber-fiber  interactions,  and  forming  a  chromatin  state 
hampering  transcription  and  elongation  processes 
[1,7,16].  Three  classes  of  HDACs  in  mammalian  cells 
and  their  homologues  in  yeast  have  been  identified  [1]. 
HDACs  are  multiprotein  complexes  that  also  interfere 
with  the  formation  of  a  functional  preinitiation  com¬ 
plex.  It  should  be  noted  that  both  HATs  and  HDACs 
are  recruited  to  the  transcriptionally  active  chromatin 
region  [12].  When  the  balance  of  HDACs  and  HATs 
favors  deacetylation,  the  chromatin  region  takes  on  a 
repressive  higher-order  structure.  However,  when  the 
balance  favors  acetylation,  the  chromatin  region  is  in  an 
unfolded  state  capable  of  undergoing  transcription  [17]. 

HDACs  and  HATs  are  recruited  to  specific  regions  of 
the  genome  by  transcription  factors.  For  example,  the 
general  transcription  factor  Spl  recruits  HDACl, 
which,  in  turn,  represses  the  thymidine  kinase  promoter 
[18].  Transcription  factors  existing  as  multimers,  such  as 
Spl  and  p53,  are  capable  of  simultaneously  recruiting 
HATs  and  HDACs.  Other  factors  like  ligand-activated 
transcription  factors  (e.g.,  estrogen  receptor)  and  mod¬ 
ified  factors  (e.g.,  NF-kB)  have  their  recruitment  of 
HATs  or  HDACs  governed  by  the  ligand  or  modifying 
enzyme.  HDAC  and  HAT  activity  assays  discern  which 
activity  is  associated  with  a  specific  transcription  factor. 

In  the  in  vitro  assay,  HDAC  releases  acetate  from  the 
histone’s  acetyl  lysine  (Fig.  IB).  For  HDAC  activity 
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assay,  the  lysine  residues  in  histones  may  be  labeled  with 
tritium,  biotin,  or  fluorescent  dye  [19,20],  Release  of  the 
acetate  labeled  with  tritium,  biotin,  or  fluorescence  is 
then  monitored.  Some  commercially  available  HDAC 
substrates  are  peptides  derived  from  N-terminal  tails  of 
H3  or  H4.  Individual  histones  and  nonhistone  chro¬ 
mosomal  proteins  may  be  used  in  the  HDAC  assay  to 
determine  substrate  specificity.  Tritium  acetate-labeled 
core  histones  are  generally  used  as  substrates  in  the 
HDAC  assay.  Here,  we  describe  the  procedures  to  pre¬ 
pare  radiolabeled  histone  substrates  for  the  HDAC  as¬ 
say.  Next  we  describe  HDAC  and  HAT  activity  assays. 
Procedures  to  isolate  subcellular  fractions  to  investigate 
the  location  of  HAT  and  HDAC  activities  are  presented. 
The  last  section  describes  methods  to  determine  the  rates 
of  histone  acetylation  and  histone  deacetylation. 


2.  Description  of  method 

2.1.  Tritium  acetate  radiolabeling  of  histones  in  cultured 
mammalian  cells 

Mammalian  cells  cultured  on  plastic  dishes  to  80  to 
90%  confluency  are  incubated  with  the  protein  synthesis 
inhibitor  cycloheximide,  which  is  directly  added  into  the 
medium  to  a  final  concentration  of  10  pg/ml.  Cyclohexi¬ 
mide  prevents  the  incorporation  of  radiolabel  into  newly 
synthesized  histones.  After  30  min  incubation  with  cy¬ 
cloheximide,  cells  are  washed  with  prewarmed  1  x  PBS, 
and  then  incubated  with  fresh  medium,  containing 
pHJacetate  (0.1  mCi/ml;  specific  activity  >10Ci/mmol 
from  ICN  or  NEN),  sodium  butyrate  (final  concentra¬ 
tion  of  10  mM),  and  cycloheximide  (lOpg/ml)  for  60  min 
at  37  °C.  Sodium  butyrate  inhibits  HDAC  activity,  al¬ 
lowing  the  HATs  to  drive  up  the  acetylated  histone  levels. 

After  labeling,  the  medium  is  removed  and  the  cells 
are  washed  twice  with  ice-cold  lx  PBS  containing 
lOmM  sodium  butyrate.  The  labeled  cells  are  then 
harvested  by  scraping  using  a  plastic  or  rubber  cell  lifter. 
After  centrifugation  at  4OO0rpm  (SS-34  rotor)  for 
10  min,  the  pelleted  cells  are  either  directly  processed  to 
isolate  radiolabeled  histones  or  stored  at  — 80°C. 

Since  histone  deacetylation  may  be  active,  sodium 
butyrate  should  be  present  in  all  labeling  media  and 
wash  buffers  to  inhibit  deacetylation  of  radiolabeled 
hyperacetylated  histones.  The  absence  of  sodium  buty¬ 
rate  (or  other  HDAC  inhibitors)  in  the  labeling  and 
washing  buffers  may  decrease  the  specific  activity  of  the 
radiolabeled  acetylated  histone  substrate. 

'i 

2.2.  Tritium  acetate  radiolabeling  of  histones  in  avian 
erythrocytes 

Radiolabeled  acetylated  histones  from  avian  ery¬ 
throcytes  are  excellent  substrates  for  HDAC  assays 


[21,22].  The  following  sections  describe  the  isolation*  of 
avian  immature  erythrocytes,  the  incubation  of  cells  with 
radiolabeled  acetate,  and  the  isolation  of  radiolabeled 
histones.  In  contrast  to  cultured  mammalian  cells  and 
avian  mature  erythrocytes,  avian  immature  erythrocytes 
have  only  the  fast  rate  of  histone  acetylation  [23]. 

2.2. 1.  Isolation  of  avian  immature  erythrocytes 

Adult  white  Leghorn  chickens  (3  months  old)  are 
made  anemic  by  injections  of  2.5%  (w/v)  1-acetyl  2- 
phenylhydrazine  dissolved  in  60%  ethanol  applying  the 
following  injection  schedule.  Each  chicken  (approxi¬ 
mately  1kg)  is  injected  with  0.7  ml  (at  Day  1),  0.7  ml 
(Day  2),  0.6  ml  (Day  3),  0.4  ml  (Day  4),  0.7  ml  (Day  5), 
and  0.8  ml  (Day  6)  of  the  drug  into  the  breast  muscle. 
After  each  injection,  the  chicken  horn  gradually  be¬ 
comes  discolored  to  pink.  After  this  treatment,  the 
anemic  chicken  blood  contains  approximately  95%  ret¬ 
iculocytes  (early,  mid-,  and  late  polychromatic  erythro¬ 
cytes)  and  3%  mature  erythrocytes  [24].  On  the  seventh 
day,  blood,  which  is  obtained  by  severing  or  syringing 
the  vein,  is  collected  into  1  to  2  vol  of  ice-cold  blood 
collection  buffer  (75  mM  NaCl,  25  mM  Tris-HCl,  pH 
7.5,  25  mM  EDTA).  The  blood  is  filtered  through  four 
layers  of  cheesecloth  to  remove  any  debris.  The  cells  are 
then  collected  by  centrifugation  at  3500  rpm  (SS-34  ro¬ 
tor)  for  10  min  at  4°C.  The  white  buffy  coat  layer  which 
contains  white  blood  cells  is  removed  by  aspiration.  The 
chicken  erythrocytes  are  washed  twice  in  Blood  Collec¬ 
tion  Buffer,  and  then  twice  with  Swim’s  S-77  Medium 
pH  7.2  (Sigma). 

2.2.2.  Incubation  of  avian  immature  erythrocytes  with 
radiolabeled  acetate 

The  packed  chicken  immature  erythrocytes  are  re¬ 
suspended  in  2  vol  of  Swim’s  S-77  Medium  containing 
10|xg/ml  cycloheximide  in  a  large  flask,  and  incubated 
for  30  min  at  37  °C  in  a  water  bath  with  shaking. 
[^H]Acetate  (sodium  salt)  is  then  added  into  the  flask  to 
a  final  concentration  of  O.lmCi/ml.  To  inhibit  histone 
deacetylation,  sodium  butyrate  is  added  to  a  final  con¬ 
centration  of  lOmM  after  10  min  incubation,  and  the 
cells  are  incubated  for  another  50  min.  Following  this 
treatment,  erythrocytes  are  collected  by  centrifugation 
at  3500  rpm  (SS-34  rotor)  for  10  min.  The  cell  pellet  is 
then  washed  twice  with  5  to  10  vol  of  Swim’s  S-77 
Medium  to  remove  unincorporated  free  isotope.  The 
cells  can  be  processed  for  histone  isolation  or  stored  at 
-80  °C  for  future  use. 

2.3.  Isolation  of  radiolabeled  histones 

2.3.1.  Small-scale  preparation  of  radiolabeled  acetylated 
histones  from  cultured  mammalian  cells 

Approximately  10®  mammalian  cells  (frozen  or  fresh) 
that  are  labeled  with  [^HJacetate  are  resuspended  in  5  ml 
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of  TNM  buffer  (10  mM  Tris-HCl,  pH  8.0,  100  mM 
NaCl,  2inM  MgCl2,  0.3  M  sucrose)  with  0.25%  Noni- 
detP-40  and  ImM  PMSF.  The  cells  are  homogenized 
with  a  glass  homogenizer.  The  nuclei  are  collected  by 
centrifugation  at  4000  rpm  (SS-34  rotor)  for  10  min  at 
4°C,  and  then  washed  with  10  ml  of  TNM  buffer  con¬ 
taining  1  mM  PMSF.  The  nuclei  are  resuspended  in  1  ml 
of  TNM  buffer  containing  1  mM  PMSF  and  mixed  well 
with  a  pipet.  Sulfuric  acid  stock  (4N)  is  added  to  the 
nuclei  to  a  final  concentration  of  0.4  N  while  the  sus¬ 
pension  is  mixed.  The  nuclei  are  then  placed  on  ice  for  at 
least  30  min.  After  centrifugation  at  10,000  rpm  (SS-34 
rotor)  for  20  min  at  4  °C,  the  supernatant  containing  the 
acid-extracted  histones  is  collected  and  transferred  to  a 
dialysis  bag  (6000-8000  MW  cutoff).  The  supernatant  is 
dialyzed  against  20  vol  of  0.1  M  acetic  acid  for  2h  at 
4  °C,  and  then  against  20  vol  of  deionized  distilled  water 
overnight  at  4  °C  with  one  change  of  water.  The  dialyzed 
acid  extract  is  then  lyophilized  to  a  powder  and  resus¬ 
pended  in  water,  and  the  protein  concentration  and  ra¬ 
dioactivity  are  determined. 

2.3.2.  Large-scale  preparation  of  radiolabeled  acetylated 
histones  from  chicken  immature  erythrocytes 

The  procedure  for  large-scale  preparation  of  hi¬ 
stones  from  avian  immature  erythrocytes  is  similar  to 
the  preceding  method.  Approximately  20  ml  of  frozen 
packed  chicken  immature  erythrocytes  is  washed  twice 
in  100  ml  of  reticulocyte  standard  buffer  (RSB:  10  mM 
Tris-HCl,  pH  7.5,  lOmM  NaCl,  3mM  MgCl2,  5mM 
sodium  butyrate)  and  ImM  PMSF.  After  centrifuga¬ 
tion  at  3500  rpm  (SS-34  rotor)  for  10  min  at  4°C,  cells 
are  resuspended  in  40  ml  of  RSB  containing  0.25% 
NonidetP-40  and  1  mM  PMSF.  The  cells  are  homoge¬ 
nized  with  glass  tissue  grinder  five  times,  and  the  nuclei 
are  collected  by  centrifugation  at  3500  rpm  (SS-34  ro¬ 
tor)  for  10  min  at  4°C.  After  being  washed  with  100  ml 
RSB,  the  nuclei  are  resuspended  into  20  ml  of  RSB, 
and  extracted  with  0.4  N  sulfuric  acid  by  dropping  4N 
stock  into  the  suspension  while  mixing.  The  acid-ex¬ 
tracted  supernatant  is  collected  by  centrifugation  at 
10,000  rpm  for  20  min  at  4°C,  and  then  dialyzed 
against  a  large  volume  (4  liters)  of  0.1  M  acetic  acid 
for  2h,  and  then  against  deionized  distilled  water  with 
one  change  of  water  overnight.  The  dialysate  is 
then  lyophilized  and  resuspended  in  deionized  distilled 
water. 

2.3.3.  Preparation  of  H2A-H2B  and  H3-H4  histones 

Different  HD  AC  complexes  may  preferentially  cata¬ 
lyze  the  deacetylation  of  different  histones.  For  example, 
chicken  erythrocyte  HDACl  associated  with  the  nuclear 
matrix  preferred  H2A  and  H2B  as  substrates,  while 
soluble  HDACl  in  large  complexes  preferred  H3  and 
H4  as  substrates  (Fig.  3)  [25].  Here,  we  describe  how  to 
isolate  H2A-H2B  dimers  and  H3-H4  tetramers  from 


chicken  immature  erythrocytes.  The  procedure  includes 
preparation  of  nuclei  and  soluble  chromatin,  isolation  of 
H2A-H2B  dimers  and  H3-H4  tetramers,  and  extraction 
of  histones. 

The  preparation  of  erythrocyte  nuclei  is  the  same  as 
previously  described.  Briefly,  cells  are  washed  twice  in 
RSB  with  ImM  PMSF,  and  homogenized  in  RSB 
containing  0.25%  NonidetP-40  and  1  mM  PMSF.  After 
centrifugation  at  3500  rpm  (SS-34  rotor)  for  10  min  at 
4°C,  the  nuclei  are  resuspended  in  W&S  buffer  (IM 
hexylene  glycol,  10  mM  Pipes,  pH  7.0,  2mM  MgCl2,  1% 
thiodiglycol,  30  mM  sodium  butyrate,  1  mM  CaCl2).  To 
determine  the  concentration  of  the  preparation  of  nu¬ 
clei,  lOjil  of  the  sample  of  nuclei  is  introduced  into 
990  pi  cell  lysis  solution  (5  M  urea,  2  M  NaCl),  and  the 
absorbance  at  OD260  is  measured.  The  concentration  of 
nuclei  is  adjusted  with  W&S  buffer  to  a  final  concen¬ 
tration  of  50^26o/inl.  The  nuclei  are  prewarmed  for 
10  min  at  37  °C  in  a  water  bath  with  stirring.  Micro¬ 
coccal  nuclease  is  then  added  to  a  final  concentration  of 
15^260  units/ml,  and  the  suspension  of  nuclei  is  incu¬ 
bated  at  37  °C  for  10  min.  The  digestion  is  stopped  by 
adding  10  mM  EGTA.  After  centrifugation  at 
10,000  rpm  (SS-34  rotor)  for  10  min,  the  pellet  is  resus¬ 
pended  in  lOmM  EDTA  with  5mM  sodium  butyrate, 
and  incubated  on  ice  for  at  least  30  min  to  release  the 
EDTA-soluble  chromatin  fraction.  After  centrifugation 
at  10,000  rpm  for  10  min,  the  supernatant  (SE)  and  pellet 
(PE)  chromatin  fractions  are  collected.  The  soluble 
chromatin  fraction  SE  may  be  used  to  isolate  the  H2A- 
H2B  dimers  and  H3-H4  tetramers,  in  some  cases  we 
used  the  SI 50  fraction,  which  is  enriched  in  highly 
acetylated  histones  [26].  Further,  radiolabeled  acetylated 
histones  from  the  SI 50  fraction  will  have  a  greater 
specific  activity  than  those  from  the  SE  fraction.  For 
preparation  of  SI 50,  the  SE  chromatin  fraction  is  di¬ 
luted  with  10  mM  EDTA  to  a  final  concentration  of 
30^26o/nil.  The  SE  fraction  is  made  150mM  NaCl  by 
slowly  adding  a  4M  NaCl  stock  solution.  The  super¬ 
natant  fraction  (SI 50)  is  collected  by  centrifugation  at 
10,000  rpm  (SS-34  rotor)  for  10  min.  Hydroxylapatite 
(HTP)  powder  (Bio-Rad)  is  added  to  the  SE  or  SI 50 
chromatin  fraction  (1  g  HTP/80^260  of  chromatin),  and 
the  HTP  is  packed  into  a  column.  The  unbound  fraction 
is  allowed  to  flow  out  and  the  HTP  column  is  washed 
with  10  vol  of  low-salt  buffer  (0.63  M  NaCl,  1  mM  DTT, 
0.1  M  potassium  phosphate  buffer,  pH  6.7)  to  remove 
linker  histones  (HI  and  M5)  and  other  nonhistone 
chromosomal  proteins.  The  HTP  column  is  then  eluted 
with  salt  gradient  from  low-salt  buffer  to  high-salt  buffer 
(2M  NaCl,  ImM  DTT,  0.1  M  potassium  phosphate 
buffer,  pH  6.7).  The  eluted  fractions  are  collected.  The 
order  of  elution  is  H2A-H2B  dimers  followed  by  H3-H4 
tetramers  (Fig.  3),  Sulfuric  acid  is  then  added  to  the 
chromatin  fractions  to  a  final  concentration  of  0.4  N  to 
extract  histones  as  mentioned  above.  r  . 
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pg.  3.  Isolation  of  H2A-H2B  dimers  and  H3-H4  tetramers  as  substrates  in  the  HD  AC  assay.  The  chicken  erythrocyte  chromatin  fraction  (SI  50)  was 
incubated  with  hydroxylapatite  (HTP)  and  eluted  by  a  salt  gradient  elution  (0.63  M  NaCl  buffer  to  2  M  NaCl  buffer).  (A)  Elution  of  histones  from  the 
HTP-bound  chromatin.  The  histones  from  fractions  (A-E)  in  the  two  peaks  were  acid  extracted  and  separated  onto  a  SDS-15%  polyacrylamide  gel, 
and  the  gel  was  stained  with  Coomassie  blue.  The  Coomassie  blue-stained  gel  shows  the  histones  in  the  two  peaks.  The  first  peak  contains  H2A  and 
H2B,  and  the  second  peak  contains  H3  and  H4  (B).  HDAC  associated  with  nuclear  matrices  in  chicken  erythrocytes  prefers  H2A  and  H2B  as  a 
substrate  (D),  while  HDAC  in  soluble  high-molecular-mass  complexes  from  chicken  erythrocytes  prefers  H3  and  H4  (C).  Adapted  with  permission 
from  Li  et  al.  [25]. 


2.4.  HDAC  activity  assay 

HDAC  catalyzes  the  removal  of  acetyl  groups  from 
lysine  residues  at  the  N-terminal  tails  of  histones. 
Nonhistone  chromosomal  proteins,  such  as  HMG  pro¬ 
teins  and  transcription  factors,  are  also  substrates  of 
HDACs  [27,28].  In  describing  the  assay,  radiolabeled 
acetylated  histone  substrates  are  used.  However,  histone 
may  be  replaced  with  radiolabeled  acetylated  HMG  or 
transcription  factor  substrates  in  this  assay. 

The  test  sample  is  incubated  in  a  1.5-ml  tube  in  a 
final  volume  of  0.3  ml,  containing  25  mM  sodium 
phosphate  buffer,  pH  7.0,  and  100  pg  of  pHJacetate 
(approximately  10,000  dpm)-labeled  histones.  For  avian 
erythrocyte  HDAC,  25  mM  sodium  phosphate  buffer, 
pH  7.0  to  7.5,  provided  the  highest  HDAC  activity  [25]. 
Although  the  pH  and  buffer  conditions  may  not  have 
been  maximal,  we  found  that  for  total  HDAC  and 
HDACl,  two  and  three  immunoprecipitated  complexes 
were  active  in  25  mM  sodium  phosphate  buffer,  pH  7.0. 

For  each  sample,  a  control  reaction  is  included.  The 
control  reaction  is  identical  to  the  test  reaction  except 


that  the  sample  is  boiled  for  5  min  to  destroy  the  enzy¬ 
matic  activity  before  initiating  the  reaction.  The  reaction 
is  incubated  for  Ih  at  37  °C  with  shaking,  and  then 
terminated  by  adding  30  pi  of  2.5  N  acetic  acid/lON 
HCl.  The  released  radioactive  acetate  is  extracted  by 
adding  0.6  ml  ethyl  acetate  with  mixing.  After  centrifu¬ 
gation  at  1 3,000  rpm  for  1  min  in  a  microcentrifuge, 
0.3  ml  of  upper  phase  is  transferred  into  a  scintillation 
vial  containing  5  ml  scintillation  liquid.  Care  should  be 
taken  when  transferring  the  upper  phase  with  a  pipet  tip. 
Touching  the  tip  to  the  interphase  will  result  in  high 
background  counts.  The  amount  of  [2H]acetate  released 
into  the  upper  phase  is  determined  using  scintillation 
counting. 

The  enzymatic  activity  is  calculated  as  follows: 

HDAC  activity  =  {counts  (from  test  sample)  (dpm) 
-counts  (from  control) (dpm)} 
/{time(h)/volume  of  sample  (ml)} 

The  HDAC  activity  is  usually  plotted  with  the 
SigmaPlot  program  as  described  in  Fig.  3. 
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2.5.  Histone  acetyltransf erase  activity  assay 

Commercially  available  ^H-labeled  (or  ^"^C-labeled) 
acetyl-coenzyme  A  (acetyl-CoA)  and  core  histones  are 
used  in  the  HAT  assay.  HATs  transfer  [^HJacetyl  groups 
from  acetyl-CoA  to  specific  lysine  residues  in  histones. 
Although  the  assay  is  described  with  histone  substrates, 
the  histone  substrate  may  be  replaced  with  another  po¬ 
tential  HAT  substrate  (e.g.,  an  HMG  protein  or  tran¬ 
scription  factor).  After  the  reaction,  the  radiolabeled 
acetylated  histones  are  bound  to  P81  phosphocellulose 
paper  to  separate  the  histone  from  free  acetyl-CoA.  The 
radioactivity  on  the  P81  paper  is  then  determined  by 
scintillation  counting. 

In  the  HAT  assay,  the  test  sample  is  added  in  a  final 
reaction  volume  of  0.15  ml  containing  50  mM  Tris- 
HCl,  pH  7.5,  50  mM  sodium  butyrate,  15  mM  2- 
mercaptoethanol,  100  pg  of  chicken  histone,  and 
0.5  pCi  acetyl  CoA  (>10mCi/ml,  from  ICN,  NEN, 
Sigma).  The  reaction  is  incubated  at  37  °C  with  shaking 
for  Ih,  and  then  the  sample  is  spotted  onto  P81 
phosphocellulose  paper.  The  nonincorporated  radiola¬ 
beled  acetyl-CoA  is  removed  by  washing  the  P81  paper 
with  a  large  volume  of  50  mM  sodium  carbonate,  pH 

9.1. 

We  found  that  the  variation  of  background,  which  is 
a  consequence  of  incomplete  washing  of  the  P81  paper, 
is  a  serious  problem  in  the  HAT  assay.  Although 
washing  P81  paper  with  large  volumes  of  wash  buffer 
with  several  changes  is  recommended,  we  found  the 
background  using  this  procedure  is  variable.  To  reduce 
the  background  counts  on  the  P81  paper,  we  wash  each 
piece  of  P81  paper  individually  using  a  stainless-steel 
vacuum  filter  system.  Under  these  conditions,  the  vari¬ 
ability  of  counts  in  triplicate  sets  of  test  reaction  is 
approximately  10  to  20%,  A  P81  paper  disk  (2.5  x  2,5 
cm^)  is  assembled  into  the  filter  system  and  the  vacuum 
aspiration  started.  The  reaction  is  then  dropped  onto  the 
disk,  which  is  then  washed  with  50  ml  of  50  mM  sodium 
carbonate  buffer.  The  P81  paper  disk  is  removed  from 
the  unit  and  air-dried.  The  radioactivity  on  the  P81 
paper  is  counted  in  5  ml  of  scintillation  liquid.  For  all 
enzyme  activity  assays,  the  background  is  determined  by 
measuring  levels  of  radioactivity  in  boiled  samples.  The 
background  counts  are  then  subtracted  from  the  label 
incorporated  into  the  test  sample. 

2.6.  Preparation  of  subcellular  fractions  for  HD  AC  and 
HAT  activity  assays 

2.6.1.  Preparation  of  cellular  extract 

HDAC  and  HAT  exist  in  the  cytoplasm  and  nucleus. 
A  cellular  extract  is  used  to  measure  the  net  cellular 
HDAC  and  HAT  activities.  Here  we  describe  the  prep¬ 
aration  of  a  cellular  extract  from  cultured  mammalian 
cells.  Cells  are  resuspended  in  TNM  buffer  (0.1  M  NaCl, 


0.3  M  sucrose,  10  mM  Tris-HCl,  pH  7.4,  2mM  MgCl2, 
1%  thiodiglycol)  containing  1  mM  PMSF,  protease  in¬ 
hibitors,  and  0.5%  NonidetP-40.  Cells  are  lysed  by  being 
passed  five  times  through  a  syringe  with  a  22-gauge 
needle,  and  then  five  times  through  a  26-gauge  needle. 
To  extract  tightly  bound  nuclear  proteins  such  as 
HDACs,  HATs,  and  transcription  factors,  the  cell  sus¬ 
pension  is  sonicated  with  4  sets  of  10-s  periods  at  30% 
output  (Sonifer  cell  disrupter),  with  ice  cooling.  Under 
this  condition,  DNA  is  fragmented  to  an  average  length 
of  500  bp.  After  centrifugation  at  10,000  rpm  (SS-34 
rotor)  for  10  min,  the  supernatant  (cellular  extract)  is 
collected.  It  is  recommended  that  the  quantitative  re¬ 
lease  of  the  protein  of  interest  be  confirmed  by  immu- 
noblot  analyses  of  the  supernatant  and  pellet  fractions. 
In  our  experience  the  method  quantitatively  releases 
HDACs,  HATs,  and  transcription  factors  such  as  the 
estrogen  receptor  and  Spl, 

2.6.2.  Fractionation  of  loosely  bound  and  tightly  bound 
nuclear  proteins 

We  developed  a  procedure  to  isolate  cytosol,  nuclei, 
and  tightly  bound  and  loosely  bound  nuclear  protein 
fractions  (Fig.  4).  Mammalian  culture  cells  are  sus¬ 
pended  in  TNM  buffer  (0.1  M  NaCl,  0.3  M  sucrose,  10 
mM  Tris-HCl,  pH  7.4,  2mM  MgCl2,  1%  thiodiglycol) 
containing  1  mM  PMSF  and  protease  inhibitors,  without 
any  detergent.  The  nuclei  are  intact  in  this  isotonic  buffer 
and  leakage  of  loosely  bound  nuclear  proteins  is  reduced 
(e.g.,  the  leakage  of  estrogen  receptor  from  the  nuclei  of 
MCF-7  (T5)  breast  cancer  cells  grown  under  estrogen- 
depleted  conditions  was  minimal).  The  cells  (MCF-7 
(T5)  human  breast  cancer  cells)  are  lysed  by  being  passed 
through  a  syringe  with  a  22-gauge  needle.  For  other 
culture  cells  tests  should  be  done  to  decide  the  suitable 
gauge  needle  to  lyse  the  cell  by  checking  the  integrity  of 
the  nuclei  by  microscopy.  Part  of  the  cell  lysate  is  kept  for 
preparation  of  the  total  cellular  extract  as  described 
above.  The  rest  of  the  cell  lysate  is  centrifuged  at 
4500  rpm  (SS34  rotor)  for  10  min  to  collect  the  cytosol 
(supernatant)  and  nuclei  (pellet).  The  nuclei  are  resus¬ 
pended  in  the  same  volume  of  TNM  buffer  containing 
1  mM  PMSF  and  other  protease  inhibitors.  Triton  X-100 
is  added  to  a  final  concentration  of  0.5%.  The  nuclei  are 
incubated  on  ice  for  5  min,  allowing  the  release  of  loosely 
bound  nuclear  proteins.  After  centrifugation  at  4500g  for 
10  min  at  4°C,  the  supernatant  (Triton  X- 100-soluble 
fraction  (Triton-S))  and  pellet  (Triton  X- 100-insoluble 
fraction  (Triton-P),  which  contains  the  nuclear  matrix 
proteins)  are  collected.  We  have  used  this  protocol  to 
determine  the  influence  of  estradiol  on  the  subcellular 
distribution  of  estrogen  receptor,  HDACs,  and  HATs  in 
human  breast  cancer  cells  [12]  (Fig.  4).  Fig.  4  shows' 
the  distribution  of  HDAC  activity  among  the  nuclear 
fractions,  with  most  HDAC  activity  being  present  in  the 
tightly  bound  nuclear  protein  fraction. 
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Fig.  4.  Isolation  of  loosely  bound  and  tightly  bound  nuclear  proteins. 
MCF-7  (T5)  human  breast  cancer  cells  were  incubated  for  20  min 
without  (“E2)  or  with  (+E2)  lOnM  estradiol.  (A)  Flowchart  of  the 
protocol.  (B)  Immunoblot  analyses  showing  the  distribution  of  estro¬ 
gen  receptor  and  HDACs  1,  2,  and  3  in  cells  incubated  in  the  absence 
and  presence  of  estradiol.  (C)  The  HDAC  assay  was  done  on  the 
nuclear,  Triton-S,  and  Triton-P  fractions.  The  assays  were  done  in 
triplicate.  Average  counts  from  the  test  and  control  samples  were 
calculated  and  plotted  with  the  SigmaPIot  program.  Adapted,  with 
permission,  from  Sun  et  al.  [12]. 


2.6.3.  Isolation  of  protein  complexes  by  immunoprecipi- 
tation 

Immunoprecipitation  (IP)  is  a  widely  used  approach 
to  determine  the  protein  composition  of  multiprotein 
complexes.  This  approach  was  used  to  demonstrate  that 
HDACs  are  associated  with  mSin3  corepressor  complex 
[29]  and  Spl/Sp3  transcription  factors  [30].  The  most 
important  factor  for  a  successful  IP  procedure  is  the 
antibody,  which  should  have  a  high  specificity  and  a 
^High  efficiency  of  precipitation. 

26.3.1.  Selection  of  an  antibody  for  immunoprecipitation. 
To  optimize  the  IP  conditions,  we  first  test  the  anti¬ 


body’s  specificity  for  the  antigen  of  interest  with  the  cells 
and  conditions  to  be  applied.  Next  we  test  the  efficiency 
of  the  antibody  in  IP.  Immunoblot  analysis  will  deter¬ 
mine  the  specificity  of  an  antibody.  Fig.  5A  is  an  ex¬ 
ample  of  testing  the  specificity  of  an  antibody  against 
HDACl.  This  polyclonal  antibody  was  produced  using 
a  16-amino-acid  peptide  corresponding  to  the  N  termi¬ 
nal  of  mammalian  HDACl.  The  cell  lysate  or  nuclear 
extract  is  loaded  onto  a  SDS-polyacrylamide  gel  and 
transferred  onto  a  nitrocellulose  membrane.  The  mem¬ 
brane  is  immunochemically  stained  with  the  anti- 
HD  AC  1  antibody.  Only  one  band  was  detected  with  this 
antibody.  In  the  next  step,  we  analyze  the  IP  efficiency  of 
the  antibody.  The  ratio  of  cell  lysate  to  antibodies  can 
affect  IP  efficiency.  To  determine  the  optimal  conditions, 
different  amounts  of  cell  lysate  (0.5,  1,  2,  and  AAief)  are 
incubated  with  the  same  amount  of  antibody  (2  pg)  for 
at  least  4h  at  4°C.  To  the  lysate  is  next  added  50  pi  of 
protein  A:agarose  (1:1)  slurry  and  the  mixture  is  incu¬ 
bated  for  3h  at  4°C.  The  immunodepleted  (unbound) 
fraction  and  beads  (bound  fraction)  are  collected.  IP 
efficiency  is  determined  by  immunoblot  analyses  of  the 
total  cell  lysate  (10  pi)  and  immunodepleted  fraction 
(10  pi)  using  the  anti-HDACl  antibody.  Fig.  5B  shows 
that  very  little  HDACl  remains  in  the  unbound,  im¬ 
munodepleted  fraction,  demonstrating  the  efficiency  of 
this  antibody  in  IP  experiments. 

2. 6. 3. 2.  Immunoprecipitation.  Cellular  extracts  and  cel¬ 
lular  fractions  can  be  used  for  immunoprecipitation  to 
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Fig.  5.  Immunoblot  analyses  using  anti-HDACl  polyclonal  antibodies. 
(A)  Cell  lysate  (10  pi)  and  nuclear  extract  (10  pg)  from  MCF-7  (T5) 
cells  were  loaded  onto  a  SDS-10%  polyacrylamide  gel  and  immuno¬ 
chemically  stained  with  anti-HDACl  antibodies.  The  cell  lysate  was 
immunoprecipitated  by  anti-HDACl  antibodies.  (B)  Bound  and  un¬ 
bound  fractions  were  loaded  on  a  SDS~10%  polyacrylamide  gel  and 
immunochemically  stained  with  anti-HDACl  antibodies. 
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isolate  the  protein  complexes  of  interest.  When  assaying 
the  IP  complex  for  HAT  or  HDAC  activity,  the  buffers 
should  not  contain  SDS  which  will  destroy  enzyme  ac¬ 
tivity.  To  immunoprecipitate  a  multiprotein  complex,  we 
use  either  a  low-stringency  IP  buffer  (50  mM  Tris-HCl, 
pH  8.0, 150  mM  NaCl,  0.5%  NonidetP-40, 1  mM  EDTA, 
1  mM  PMSF,  protease  inhibitors,  and  phosphatase  in¬ 
hibitors  in  some  experiments)  or  PBS  buffer.  The  cells  are 
resuspended  in  IP  buffer  and  incubated  on  ice  for  5  min. 
Cells  are  lysed  by  five  passages  through  a  22-gauge  nee¬ 
dle.  The  cell  lysate  is  then  sonicated  with  four  sets  of  10-s 
pulses  at  30%  output  (Sonifer  cell  disrupter).  The  cell 
lysate  should  be  kept  on  ice  between  each  sonication. 
After  centrifugation  at  10,000  rpm  (SS34  rotor)  for 
10  min,  the  supernatant  is  collected  and  saved  for  IP. 

The  enzymatic  assay  and  control  are  typically  done  in 
triplicate.  Equivalent  amounts  of  input  cell  lysate,  anti¬ 
bodies,  and  protein  A  beads  are  used  for  each  assay.  Two 
^260  units  of  the  cell  lysate  is  diluted  to  1  ml  by  adding  IP 
buffer.  The  optimal  amount  of  antibody  is  added  to  2^260 
of  cell  lysates.  When  immunoprecipitating  HDACl,  we 
use  2pg  of  anti-HD ACl  antibody  with  2A260  of  MCF-7 
(T5)  cell  lysate.  After  incubation  for  at  least  4h  or 
overnight  at  4  °C,  25  pi  of  protein  Aiagarose  and  25  pi  of 
protein  Giagarose  (1:1)  slurry  are  added  and  incubated 
for  another  2  h.  The  beads  are  collected  by  a  brief  spin  in 
a  microcentrifuge.  The  beads  are  washed  four  times  with 
1  ml  of  IP  buffer.  Several  control  assays  are  done  in 
parallel.  First,  equal  amounts  of  cell  lysate  and  buffer  are 
incubated  with  2  pg  of  preimmune  serum,  instead  of  the 
primary  antibodies.  Second,  the  beads  with  the  immu¬ 
noprecipitate  were  boiled  for  5  min  before  adding  sub¬ 
strate.  HDAC  and  HAT  assays  may  be  done  with  the 
multiprotein  complexes  bound  to  the  protein  AJG  beads. 

2.6.4.  Isolation  of  nuclear  matrices 

Nuclear  matrix  is  the  nuclear  substructure  that  con¬ 
sists  of  nucleoli,  nuclear  pore-lamina  complex,  and  in¬ 
ternal  nuclear  matrix.  The  nuclear  matrix  is  a  dynamic 
structure  that  has  a  role  in  organization  and  function 
(replication,  transcription)  of  nuclear  DNA.  HDACs, 
HATs,  and  transcription  factors  are  associated  with 
nuclear  matrix. 

2. 6. 4.1.  Isolation  of  nuclear  matrices  from  cultured 
mammalian  cells.  The  cells  are  washed  twice  with  ice- 
cold  PBS  and  then  harvested.  The  cells  are  resuspended 
in  TNM  buffer  containing  0.25%  Triton  X-100  and 
1  mM  PMSF.  The  cell  suspension  is  lysed  by  five  pas¬ 
sages  through  a  22-gauge  needle.  The  nuclei  are  col¬ 
lected  by  centrifugation  at  4500  rpm  in  a  microcentrifuge 
for  10  min  at  4°C.  The  nuclei  are  resuspended  in  0.5  ml 
of  Penman  digestion  buffer  (10  mM  Pipes  (pH  6.8  with 
KOH),  5  mM  NaCl,  0.3  M  sucrose,  3  mM  MgCl2,  1  mM 
EGTA,  0.5%  Triton  X-100,  1  mM  PMSF  (freshly  added 
for  each  application)).  The  concentration  of  the  sample 


is  measured  by  taking  the  OD260  of  a  10- pi  sample  di¬ 
luted  in  990  pi  of  2M  NaCl/5M  urea.  The  sample  is 
adjusted  to  20T26o/nil  with  Penman  digestion  buffer.  The 
nuclei  are  digested  by  adding  DNase  I  to  a  final  con¬ 
centration  of  0.1  mg/ml  and  incubating  the  suspension 
of  nuclei  at  room  temperature  for  1  h.  The  chromatin  is 
released  from  the  nuclei  by  adding  ammonium  sulfate 
from  a  4  M  stock  to  a  final  concentration  0.25  M  with 
mixing.  The  insoluble  nuclear  matrix  is  collected  by 
centrifugation  at  6500  rpm  (SS34  rotor)  for  10  min  at 
4  Small  amounts  of  core  histones  may  remain  with 
this  nuclear  matrix  fraction,  and  the  residual  chromatin 
may  be  removed  by  a  2  M  NaCl  extraction. 

Avian  erythrocyte  nuclear  matrices  resuspend  hom¬ 
ogenously  in  a  number  of  different  buffers  (e.g.,  TNM, 
RSB)  and  thus  are  suitable  for  the  enzymatic  assay. 
However,  the  nuclear  matrices  from  mammalian  culture 
cells  tend  to  aggregate.  To  resolve  this  problem,  the  nu¬ 
clear  matrices  are  disrupted  by  sonication.  Nuclear  ma¬ 
trices  are  resuspended  in  0.5  ml  of  IP  Buffer  or  TNM 
buffer  with  ImM  PMSF  and  protease  inhibitors.  The 
nuclear  matrices,  kept  on  ice,  are  sonicated  twice  for  15  s 
at  30%  output  (Sonifer  cell  disrupter).  The  sonicated  nu¬ 
clear  matrices  are  assayed  for  HDAC  and  HAT  activity. 

2. 6. 4. 2.  Isolation  of  nuclear  matrices  from  chicken 
erythrocytes.  The  nuclear  matrix  proteins  of  chicken 
erythrocytes  are  easily  released  in  the  presence  of  high 
salt  and  a  reducing  agent.  We  prepare  the  soluble  nu¬ 
clear  matrix  extract  from  chicken  erythrocytes  by  ex¬ 
traction  of  DNase  I-digested  nuclei  with  2  M  NaCl  and 
P-mecaptoethanol. 

Approximately  5  ml  of  chicken  erythrocyte  pellets  are 
washed  twice  by  resuspending  them  in  30  ml  of  CKS 
buffer  (100 mM  KCl,  3mM  MgCl2,  10 mM  Pipes,  pH 
6.8,  ImM  EGTA,  0.3 M  sucrose,  0.5%  thiodiglycol, 
1  mM  PMSF)  and  centrifuged  at  4000  rpm  (SS-34  rotor) 
for  10  min  at  4°C.  Cells  are  resuspended  in  30  ml  of 
CKS  buffer  with  0.25%  Triton  X-100,  and  homogenized 
with  five  strokes  in  a  glass  homogenizer.  The  nuclei  are 
collected  by  centrifugation  at  4000  rpm  (SS34  rotor)  for 
10  min.  The  nuclei  are  resuspended  in  10  ml  of  CKS 
buffer  and  passed  three  times  through  a  22-gauge  needle. 
The  nuclei  are  intact  in  this  isotonic  CKS  buffer.  The 
nuclei  are  next  processed  by  gradient  centrifugation  to 
remove  cytoplasmic  contaminates.  Twenty  milliliters  of 
0.7  M  sucrose-CKS  buffer  (same  as  CKS  buffer  except 
0.7  M  sucrose  instead  of  0.3  M  sucrose)  is  transferred 
into  a  40-ml  centrifuge  tube.  Ten  milliliters  of  the  sus¬ 
pension  of  nuclei  (in  CKS  buffer  containing  0.3  M  su¬ 
crose)  is  carefully  layered  on  the  top  of  the  0.7  M 
sucrose-CKS  buffer.  The  tube  is  centrifuged  at  4000  rpm 
(SS-34  rotor)  for  10  min.  The  upper  phase  is  removed 
and  the  white-gray  pellet  contains  the  isolated  nuclei 
which  are  next  resuspended  in  5  ml  of  digestion  buffer 
(10  mM  Pipes,  pH  6.8,  5mM  NaCl,  0.3  M  sucrose, 
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3mM  MgClj,  ImM  EGTA,  0.5%  Triton  X-100,  ImM 
PMSF).  The  absorbance  at  OD260  of  the  suspension  of 
nuclei  is  measured  by  diluting  10  pi  of  nuclear  suspen¬ 
sion  into  990  pi  of  2M  NaCl/5M  urea.  The  nuclei  are 
adjusted  to  20^26o/ml  with  digestion  buffer.  DNase  I  is 
added  to  the  nuclei  at  a  final  concentration  of  0.1  mg/ml. 
After  incubation  of  the  nuclei  at  room  temperature  for 
60  min,  ammonium  sulfate  is  added  to  the  DNase-di¬ 
gested  nuclei  to  a  final  concentration  of  0.25  M  with 
mixing.  After  centrifugation  at  6500  rpm  (SS34  rotor) 
for  10  min,  the  nuclear  matrices  (pellet)  are  resuspended 
in  1  ml  of  digestion  buffer.  RNase  A  is  added  to  a  final 
concentration  of  lOpg/ml  and  incubated  at  room  tem¬ 
perature  for  10  min.  The  nuclear  matrices  are  extracted 
by  adding  p-mercaptoethanol  to  a  final  concentration  of 
1%  (v/v)  and  incubating  on  ice  for  30  min.  After  an  equal 
volume  of  4M  NaCl  is  added  to  the  nuclear  matrices, 
the  soluble  nuclear  matrix  proteins  are  isolated  by  cen¬ 
trifugation  at  10,000  rpm  (SS34  rotor)  for  10  min.  The 
supernatant  is  placed  into  a  dialysis  bag  (6000- 
8000  MW  cutoff)  and  dialyzed  against  buffer  D  (20  mM 
Hepes,  pH  7.9,  20%  glycerol,  0.1  M  KCl,  0.2  mM 
EDTA,  0.5  mM  PMSF,  0.5  mM  DTT)  at  4  °C  overnight. 
Insoluble  material  is  removed  by  centrifugation  at 
10,000  rpm  (SS34  rotor)  for  10  min. 

2. 7.  Measurement  of  histone  acetylation  rates 

There  are  at  least  three  classes  of  acetylated  histones: 
one  is  in  a  “frozen”  state,  another  class  is  rapidly 
acetylated  and  deacetylated,  and  third  class  is  slowly 
acetylated  and  deacetylated.  In  human  breast  cancer 
cells,  approximately  60-70%  histones  are  acetylated.  In 
contrast,  only  2%  of  the  histones  in  avian  immature 
erythrocytes  are  engaged  in  dynamic  acetylation.  Pulse- 
chase  experiments  to  determine  rates  of  histone  acety¬ 
lation  are  presented. 

2.7.1.  Pulse-chase  labeling  experiments  with  cultured 
mammalian  cells 

Mammalian  cells  are  grown  to  a  confluence  of  70  to 
80%.  The  medium  is  removed,  and  cells  are  washed  with 
prewarmed  PBS.  The  cells  are  cultured  in  this  medium 
containing  cycloheximide  (10  pg/ml)  for  30  min  and  then 
incubated  at  37  °C  with  fresh  medium  containing 
pH]acetate  (O.lmCi/ml,  special  activity  >10  Ci/mmol) 
for  15  min.  We  selected  this  labeling  time  as  histones 
engaged  in  the  fast  and  slow  rates  of  histone  acetylation 
are  labeled  and  the  extent  of  labeling  allows  detection  of 
the  radiolabeled  histone  by  fluorography.  For  human 
breast  cancer  cells,  the  rapidly  acetylated  histone  class  is 
detectable  following  a  5-  orl5-min  labeling  period. 

Following  incubation  of  the  cells  with  the  radiolabel 
(the  pulse),  cells  are  washed  twice  with  DMEM  medium, 
without  FBS,  containing  10  mM  sodium  butyrate  and 
0.1  mM  nonradioactive  acetate.  The  cells  are  chased  in 


the  same  buffer  at  37  °C  for  various  times  (0,  5,  10,  20, 
30,  60,  120,  and  240  min).  The  cells  are  washed  with  ice- 
cold  PBS  containing  lOmM  butyrate  and  harvested  for 
histone  isolation. 

2.7.2.  AUT— polyacrylamide  gel  electrophoresis  and  fluo¬ 
rography 

Histones  are  resolved  on  AUT-15%  polyacrylamide 
gels  which  resolve  histones  according  to  their  size, 
charge,  and  hydrophobicity.  For  details  of  the  AUT- 
polyacrylamide  gel  electrophoresis  of  histones  see  [31]. 

The  AUT  gel  is  stained  with  Coomassie  blue  and  de- 
stained.  A  reference  picture  of  the  stained  gel  is  taken 
and  then  the  gel  is  soaked  in  an  autoradiography  en¬ 
hancer,  EN^HANCE  (NEN),  for  30 min  followed  by 
soaking  in  deionized  distilled  H2O  for  60  min.  The  trea¬ 
ted  gel,  which  becomes  white,  is  transferred  on  a 
Whatman  filter  paper.  The  gel  is  covered  with  a  piece  of 
plastic  wrap  and  dried  at  80  °C  in  a  Gel  Dryer  system  for 
60  min.  The  gel  is  exposed  to  X-ray  film  (Kodak 
X-OMAT  AR)  for  several  days  (3  to  7  days  on  the  av¬ 
erage,  but  in  some  cases  1  months  The  intensities  of  the 
acetylated  H4,  H3,  and  H2B  isoforms  in  the  fluoro¬ 
graphic  films  are  scanned  and  analyzed  using  the 
one-dimensional  gel  analysis  program  (Pharmacia- 
Amersham). 

The  intensities  of  the  monoacetylated  histone  iso¬ 
forms  for  H4,  H2B,  and  H3.2  are  plotted  as  function  of 
chase  time.  The  proportion  of  the  radiolabeled  mono¬ 
acetylated  histone  present  in  total  radiolabeled  histone 
at  zero  time  is  arbitrarily  set  at  100.  Fig.  6  shows  a 
pulse-chase  experiment  to  determine  the  rates  of  histone 
acetylation  in  human  breast  cancer  cells.  Fig.  6A  shows 
the  AUT  gel  pattern  and  accompanying  fluorogram 
containing  histone  from  different  chase  times.  Fig.  6B 
shows  the  plots  of  H4,  H2B,  and  H3.2.  The  plot  shows 
two  rates  of  acetylation  for  the  histones.  The  first  steep 
slope  corresponds  to  the  rapidly  acetylated  histone, 
while  the  second  sustained  gradual  slope  corresponds  to 
the  slow  rate  of  histone  acetylation. 

2.7.3.  Calculation  of  histone  acetylation  rates 

The  rate  of  acetylation  (/1/2)  is  calculated  as  the  time 
for  the  level  of  the  radiolabeled  monoacetylated  isoform 
to  decrease  to  one-half  of  its  initial  value.  The  following 
formula  is  applied  to  determine  rates  of  acetylation: 

\nNQ/N  =  kt 
itji  —  0.693fk 

{No  is  the  original  radioactivity,  N  is  the  changed  ra¬ 
dioactivity,  In  is  natural  log  function,  t  is  period  of 
time).  Two  rates  of  acetylation  were  observed  for  H4,  a 
fast  rate  with  a  ti/2  of  8  min  and  a  slow  rate  with  a  ti/2  of 
200-350  min.  H3.2  also  had  two  rates  of  acetylation:  a 
fast  rate  with  a  ti/2  of  8  min  and  a  slow  rate  with  a  ti/2  of 
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Fig.  6.  Histone  acetylation  rates.  Human  breast  cancer  MCF-7  (T5)  cells  were  pulse-labeled  with  [^HJacetate  for  15min  and  chased  in  lOmM  sodium 
butyrate  for  0,  5,  10,  20,  30,  60,  120,  and  240  min.  Twenty  micrograms  of  histone  was  loaded  on  AUT-15%  polyacrylamide  gel  and  electrophoresed. 
(A)  The  gel  was  stained  with  Coomassie  blue  and  fluorographed.  (B)  The  intensities  of  the  bands  on  the  X-ray  film  were  determined  and  the  rate  of 
histone  acetylation  was  calculated  and  plotted.  Aadapted,  with  permission,  from  Sun  et  al.  [12]. 


400  min.  The  two  acetylated  rates  for  H2B  were  ^i/2  =  10 
and  350  min  (Fig.  6).  These  rates  of  acetylation  are 
comparable  to  those  observed  in  rat  hepatoma  cells, 
human  fibroblasts,  and  avian  erythrocytes  [12]. 

2.8.  Measurement  of  histone  deacetylation  rates 

To  determine  the  rate  of  histone  deacetylation,  cells 
are  incubated  with  radiolabeled  acetate  for  120  min  in 
the  presence  of  butyrate,  resulting  in  radiolabeling  of  the 
highest  acetylated  histone  isoforms.  The  rate  of  deacet¬ 
ylation  is  followed  after  the  removal  of  radiolabel  and 
butyrate. 

2.8.1.  Pulse-chase  labeling  cells 

Mammalian  cells  are  incubated  with  cycloheximide 
(lOpg/ml)  for  30  min  before  labeling.  Cycloheximide  is 
also  present  during  the  radiolabeling  period.  The  cells 
are  incubated  at  37  °C  for  120  min  in  medium  containing 
lOmM  butyrate,  cycloheximide,  and  [^Hjacetate 
(O.lmCi/ml,  specific  activity  >10Ci/mmol).  After  la¬ 
beling,  the  cells  are  washed  three  times  with  PBS  and 
then  incubated  in  the  medium  without  sodium  butyrate. 
Following  various  times  of  incubation,  the  cells  are 
washed  and  harvested. 

2.8.2.  Calculation  of  histone  deacetylation  rates 

The  isolated  histones  are  electrophoretically  resolved 
on  AUT-15%  polyacrylamide  gels  and  fluorographed  as 


described  in  Section  2.7.  The  X-ray  film  is  scanned  and 
intensities  of  the  radiolabeled  acetylated  histone  iso¬ 
forms  are  plotted.  Fig.  7  shows  the  rate  of  histone  de¬ 
acetylation  in  human  breast  cancer  cells.  The  results 
demonstrate  the  rapid  deacetylation  of  the  hyperacety- 
lated  histones  (e.g.,  tetra-acetylated  H4). 

The  radiolabeled  histone  isoforms  detected  on  the  X- 
ray  film  are  scanned,  and  the  intensities  of  the  hyper- 
acetylated  isoform  (such  as  tetra-acetylated  H4)  are 
plotted  against  time  of  incubation.  The  amount  of  labeled 
tetra-acetylated  H4  present  at  zero  time  was  arbitrarily 
set  at  100.  The  rate  of  deacetylation  (^1/2)  is  calculated  as 
the  time  for  the  level  of  the  radiolabeled  tetra-acetylated 
isoform  to  decrease  to  one-half  of  the  initial  value  using 
the  formula  given  above  (Section  2.6.3). 

The  rate  of  deacetylation  is  rapid,  with  the  intensity 
of  hyperacetylated  isoform  (such  as  tetra-acetylated  H4) 
decreasing  significantly  after  20  min  following  the  re¬ 
moval  of  sodium  butyrate.  Calculation  of  the  rate  (^1/2) 
of  histone  deacetylation  is  similar  to  that  described  in 
Section  2.6. 


3.  Concluding  remarks 

Both  HAT  and  HD  AC  assays  are  useful  in  deciding 
whether  a  transcription  factor  recruits  a  coactivator/ 
HAT  complex  and/or  a  corepressor/HDAC  complex. 
Further  as  HATs,  HDACs,  and  transcription  factors  are 
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Fig.  7.  Histone  deacetylation  rate.  Human  breast  cancer  MCF-7  (T5)  cells  were  pulse-labeled  with  pH]acetate  for  120 min  in  the  presence  of  lOmM 
sodium  butyrate.  The  cells  were  chased  in  the  absence  of  butyrate  for  0,  5, 10,  20,  30,  60,  120,  and  240  min.  Twenty  micrograms  of  histone  was  loaded 
on  an  AUT-15%  polyacrylamide  gel,  and  electrophoresed.  (A)  The  gel  was  stained  with  Coomassie  blue  and  fluorographed.  (B)  The  intensities  of  the 
radiolabeled  bands  on  the  X-ray  film  were  determined,  and  the  rate  of  histone  deacetylation  was  calculated  and  plotted.  Adapted,  with  permission, 
from  Sun  et  al.  [12]. 


modified  by  acetylation,  phosphorylation,  glycosylation, 
and/or  SUMO-1  conjugation,  these  assays  will  be  useful 
in  deciding  the  function  of  the  modification  on  enzy¬ 
matic  activity  [30].  The  methods  described  for  measuring 
HAT  and  HDAC  activities  are  presented  using  histone 
substrates.  However,  histones  may  be  replaced  with 
HMG  or  specific  transcription  factors  (e.g.,  estrogen 
receptor,  GATA-1,  Sp3,  p53),  which  are  also  substrates 
for  these  enzymes. 
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Appendix  A.  Reagents 

A.l.  Blood  collection  buffer 

75  mM  NaCl,  25  mM  Tris-HCl,  pH  7.5,  25  mM 
EDTA 
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A*.  2.  TNM  buffer 

10  mM  Tris-HCl,  pH  8.0,  100 mM  NaCl,  2mM 
MgCl2,  0.3  M  sucrose 

A.  3.  Reticulocyte  standard  buffer  (RSB) 

10 mM  Tris-HCl,  pH  7.5,  10 mM  NaCl,  3mM 
MgCl2,  5  mM  sodium  butyrate 

A.4.  W&S  buffer 

IM  hexylene  glycol,  10 mM  Pipes,  pH  7.0,  2mM 
MgCl2,  1%  thiodiglycol,  30 mM  sodium  butyrate,!  mM 
CaCh 

A.  5.  Low-salt  buffer 

0.63  M  NaCl,  ImM  DTT,  0.1  M  potassium  phos¬ 
phate  buffer,  pH  6.7 

A.6.  High-salt  buffer 

2  M  NaCl,  1  mM  DTT,  0. 1 M  potassium  phosphate 
buffer,  pH  6.7 

A.7.  IP  buffer 

50mM  Tris-HCl,  pH  8.0,  150mM  NaCl,  0.5% 
NonidetP-40,  1  mM  EDTA,  1  mM  PMSF,  protease  in¬ 
hibitors  (1  pg/ml  leupeptin,  0.1  pg/ml  aprotinin,  20  pg/ml 
bestatin),  phosphatase  inhibitors  (10 mM  NaF,  ImM 
Na3V04,  25  mM  P-glycerophosphate) 

A.  8.  Penman  digestion  buffer 

10  mM  Pipes  (pH  6.8  with  KOH),  5  mM  NaCl,  0.3  M 
sucrose,  3mM  MgCl2,  ImM  EGTA,  0.5%  Triton 
X-100,  ImM  PMSF 

A.  9.  CKS  buffer 

100  mM  KCl,  3mM  MgClj,  10  mM  Pipes,  pH  6.8, 
ImM  EGTA,  0.3 M  sucrose,  0.5%  thiodiglycol,  ImM 
PMSF 

A.  10.  Buffer  D 

20  mM  Hepes,  pH  7.9,  20%  glycerol,  0.1  M  KCl, 
0.2  mM  EDTA,  0.5  mM  PMSF,  0.5  mM  DTT 


A.ll.  HAT  assay  buffer 

50  mM  Tris-HCl,  pH  7.5,  50  mM  sodium  butyrate, 
15mM  2-mercaptoethanol 
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Spl  and  Sp3  are  ubiquitously  expressed  mammalian 
transcription  factors  that  function  as  activators  or  re¬ 
pressors.  Although  both  transcription  factors  share  a 
common  domain  involved  in  forming  multimers,  we 
demonstrate  that  Spl  and  Sp3  form  separate  complexes 
in  estrogen-dependent  human  breast  cancer  cells.  Spl 
and  Sp3  complexes  associate  with  histone  deacetylases 
(HDACs)  1  and  2.  Although  most  HDAC2  is  not  phospho- 
rylated  in  the  breast  cancer  cells,  HDAC2  bound  to  Spl 
and  Sp3  and  cross-linked  to  chromatin  in  situ  is  highly 
enriched  in  a  phosphorylated  form  that  has  a  reduced 
mobility  in  SDS-polyacrylamide  gels.  We  show  that  pro¬ 
tein  kinase  CK2  is  associated  with  and  phosphorylates 
HDAC2.  Alkaline  phosphatase  treatment  of  HDAC2  and 
Spl  and  Sp3  complexes  reduced  the  associated  HDAC 
activity.  Protein  kinase  CK2  is  up-regulated  in  several 
cancers  including  breast  cancer,  and  Spl  and  Sp3  have 
key  roles  in  estrogen-induced  proliferation  and  gene 
expression  in  estrogen-dependent  breast  cancer  cells. 
CK2  phosphorylation  of  HDAC2  recruited  by  Spl  or  Sp3 
could  regulate  HDAC  activity  and  alter  the  balance  of 
histone  deacetylase  and  histone  acetyltransferase  activ¬ 
ities  and  dynamic  chromatin  remodeling  of  estrogen- 
regulated  genes. 


Remodeling  of  chromatin  structure  mediated  by  ATP-driven 
chromatin-remodeling  complexes  and  histone-modifying  en¬ 
zymes  has  a  crucial  role  in  gene  expression.  Acetylation  of  the 
core  histones  favors  decondensation  of  the  chromatin  fiber  by 
preventing  interfiber  interactions,  whereas  the  unacetylated 
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histone  state  contributes  to  chromatin  condensation  (1,  2).  Dy¬ 
namic  histone  acetylation  catalyzed  by  histone  deacetylases 
(HDAC)^  and  histone  acetyltransferases  allows  the  chromatin 
fiber  to  rapidly  oscillate  from  the  condensed  and  decondensed 
states  (3,  4).  In  mammalian  cells  three  classes  of  HDACs  are 
identified.  Class  I  HDACs,  such  as  HDACl  and  HDAC2,  are 
homologous  to  yeast  RPD3,  whereas  class  II  HDACs  are  simi¬ 
lar  to  yeast  HDAl.  Class  III  HDACs  are  related  to  yeast  SIR2 
(6,  6).  HDACl  and  -2  are  components  of  large  multisubunit 
cbmplexes  called  Sin3  or  NuRD,  which  are  recruited  by  tran¬ 
scriptional  factors  such  as  Mad,  YYl,  and  Rb  (5,  7-9). 

Mammalian  cells  ubiquitously  express  Spl  and  Sp3.  Sp3  has 
three  isoforms,  a  long  (L-Sp3)  and  two  short  forms  (Ml-Sp3, 
M2-Sp3)  that  are  the  products  of  differential  translational  ini¬ 
tiation  (10).  Sp3  may  act  as  a  repressor  or  an  activator,  with  the 
short  forms  acting  only  as  repressors  (10).  The  protein  struc¬ 
ture  of  L-Sp3  is  very  similar  to  that  of  Spl,  except  that  Sp3  has 
a  repression  domain  located  N-terminal  to  the  zinc  finger  DNA- 
binding  domain  (11).  It  has  been  reported  that  the  relative 
levels  of  Sp3  forms  change  with  differentiation,  with  the  dif¬ 
ferentiated  Caco-2  cells  expressing  more  long  than  short  forms 
(12).  Further,  alterations  in  the  relative  levels  of  Spl  to  Sp3 
have  been  recorded,  with  Sp3  levels  being  greater  than  Spl  in 
primary  keratinoc5d;es  (13). 

In  this  study  we  investigated  the  association  of  histone 
deacetylase  with  Sp3  in  human  breast  cancer  cells.  We  found 
that  Sp3  and  Spl  were  associated  with  HDACl  and  a  modified 
form  of  Hr)AC2.  HDAC2  is  shown  to  be  associated  with  protein 
kinase  CK2  and  phosphorylated  by  this  enzyme.  The  low  abun¬ 
dance  phosphorylated  form  of  HDAC2  is  preferentially  associ¬ 
ated  with  chromatin. 

EXPERIMENTAL  PROCEDURES 

Cells  and  Plasmid — ^Human  breast  cancer  T5  cells,  estrogen  recep¬ 
tor-positive  and  hormone-dependent,  were  grown  in  Dulbecco’s  modi¬ 
fied  Eagle’s  medium  and  5%  fetal  bovine  serum  as  previously  described 
(4).  T5  cells  were  grown  under  estrogen-depleted  conditions,  and  in 
some  cases  estradiol  was  added  for  20  min  as  reported  (4).  Plasmid 
pGST-HDAC2  has  been  described  previously  (14). 

Cisplatin  and  Formaldehyde  DNA  Cross-linking — T5  cells  were  in¬ 
cubated  with  1  mM  cisplatin  at  37  “C  for  2  h  or  with  1%  formaldehyde 
at  room  temperature  for  10  min  as  described  previously  (3,  15).  The 
methods  for  isolating  the  proteins  cross-linked  to  DNA  in  situ  are 
described  in  detail  (16,  17).  Briefly,  following  cross-linking,  cells  were 
washed  twice  with  TNM  buffer  (100  mM  NaCl,  300  mM  sucrose,  10  mM 
Tris-HCl,  pH  8.0, 2  mM  MgCla,  1%  thiodiglycol)  containing  1  mM  PMSF, 
phosphatase  inhibitors  (25  mM  jS-glycerophosphate,  10  mM  sodium  flu¬ 
oride,  1  mM  sodium  orthovanadate)  and  protease  inhibitor  mixture 
(Roche  Molecular  Biochemicals).  The  cells  were  resuspended  in  cross- 
linking  lysis  buffer  (5  M  urea,  2  M  guanidine  hydrochloride,  2  m  NaCl, 
and  0.2  M  potassium  phosphate  buffer,  pH  7.5)  containing  1  mM  PMSF, 
and  the  lysate  was  incubated  with  prehydrated  hydroxyapatite  (Bio- 
Rad).  DNA-protein  cross-links  were  reversed,  and  proteins  were 
isolated. 

Immunoprecipitation — T5  cells  were  lysed  in  immunoprecipitation 
buffer  (50  mM  Tris-HCl,  pH  8.0, 150  mM  NaCl,  0.5%  Nonidet  P-40, 1  mM 
EDTA)  containing  1  mM  PMSF,  phosphatase  inhibitors,  and  protease 
inhibitors  mixture.  The  cells  were  sonicated  twice  for  15  s.  The  cell 
lysate  was  collected  by  centrifugation  at  10,000  X  g  for  10  min  at  4  ®C 
and  incubated  with  anti-Spl  or  anti-Sp3  antibodies  for  16  h  at  4  °C.  The 

^  The  abbreviations  used  are:  HDAC,  histone  deacetylase;  CK2,  pro¬ 
tein  kinase  CK2;  L-Sp3,  long  form  of  Sp3;  Ml-  and  M2-Sp3,  short  forms 
of  Sp3;  PMSF,  phenylmethylsulfonyl  fluoride;  GST,  glutathione 
5-transferase;  IP,  immunoprecipitation;  ID,  immunodepletion. 
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Spl  and  Sp3  Association  with  Phosphorylated  HDAC2 
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Fig.  1.  Spl  is  not  associated  with  Sp3.  Two  Ageo  of  T5  cell  lysate 
were  incubated  with  4  /Ag  of  anti-Spl  antibodies,  and  the  immunopre- 
cipitation  (/P,  lane  2)  and  immunodepletion  {ID,  lane  3)  fractions  were 
collected.  The  immunodepleted  fraction  was  next  incubated  with  anti- 
Sp3  antibodies,  yielding  IP  {lane  4)  and  ID  {lane  5)  fractions.  Ten  p,l  of 
cell  lysate  {lane  1\  IP,  and  ID  fractions  were  loaded  onto  a  SDS-10% 
polyacrylamide  gel,  transferred  to  nitrocellulose  membranes,  and  im- 
munochemically  stained  with  anti-Spl  and  anti-Sp3  antibodies.  The 
long  (L)  and  short  (Ml  and  M2)  forms  of  Sp3  are  identified. 


beads  were  washed  four  times  with  5  volumes  of  immunoprecipitation 
buffer  and  frozen  at  -80  °C. 

Sequential  Immunoprecipitations — Sequential  immunoprecipita- 
tions  were  done  as  described  above.  Briefly,  cell  lysates  were  incubated 
with  anti-Spl  antibodies.  The  immunoprecipitated  and  immunode¬ 
pleted  (supernatant)  fractions  were  collected.  Secondary  immunopre¬ 
cipitations  were  done  with  anti-Sp3  antibodies,  and  the  immunoprecipi¬ 
tated  and  immunodepleted  fractions  were  collected. 

Immunoblot  Analysis — Immunoblot  analysis  was  carried  out  as  de¬ 
scribed  previously  (4).  Polyclonal  antibodies  against  human  HDACl 
(Affinity  Bioreagents  Inc.  (ABR)),  HDAC2  (ABR),  HD  ACS  (ABR),  Spl 
(Santa  Cruz  Biotechnology  Inc.),  and  Sp3  (Santa  Cruz)  were  used. 
Polyclonal  antibodies  against  CK2a  and  -a'  were  described  previously 
(18).  Quantification  of  proteins  on  immunoblots  was  done  as  described 
previously  (19). 

HDAC  Activity  Assay — HDAC  activity  assays  were  performed  as 
reported  previously  (20). 

Protein  Phosphatase  Digestion — Immunoprecipitated  fractions  and 
DNA  cross-linked  protein  fractions  were  incubated  with  or  vdthout  calf 
intestinal  alkaline  phosphatase  (Amersham  Biosciences)  at  37  °C  for 
1  h.  The  protein  was  separated  on  SDS-12%  polyacrylamide  gels  and 
transferred  onto  nitrocellulose  membrane  for  immunochemical 
staining. 

Protein  Kinase  CiSAssay— Purified  GST-HDAC2  was  incubated  in  a 
buffer  consisting  of  50  mM  Tris-HCl,  pH  7.5,  10  mM  MgClg,  1  mM 
dithiothreitol,  25  mM  j8-glycerophosphate,  10  mM  sodium  fluoride,  1  mM 
sodium  orthovanadate,  1  mM  PMSF,  and  100  p,M  ATP  solution  contain¬ 
ing  [y-^^PJATP  at  a  final  concentration  of  1  pCi/pl.  The  reaction  tube 
was  preincubated  at  30  ®C  for  10  min  before  the  addition  of  purified 
CK2  (from  bovine  testis  as  described  previously  (18,  21)).  The  reaction 
was  incubated  for  10  min  before  termination  upon  the  addition  of  SDS 
sample  buffer.  The  sample  was  boiled  for  5  min  and  loaded  into  a 
SDS-15%  polyacrylamide  gel.  After  electrophoresis,  the  gel  was  dried 
and  autoradiographed. 


RESULTS  AND  DISCUSSION 

Spl  and  Sp3  contain  a  similar  D  domain  that  is  required  for 
the  proteins  to  form  multimers  (22—24).  In  vitro  evidence  sug¬ 
gests  that  Spl  and  Sp3  may  form  heteromultimers  (24).  Se¬ 
quential  immunoprecipitations  and  immunoblotting  experi¬ 
ments  tested  whether  Spl  associated  with  Sp3  in  situ  in  T5 
human  breast  cancer  cells.  A  T5  cell  lysate  was  incubated  with 
anti-Spl  antibodies,  and  the  immunoprecipitate  was  collected. 
The  immunodepleted  supernatant  was  next  incubated  with 
anti-Sp3  antibodies,  and  the  immunoprecipitate  was  har¬ 
vested.  Fig.  1  shows  the  analyses  of  the  fractions  immuno- 
chemically  stained  with  anti-Sp3  or  anti-Spl  antibodies.  Anti- 
Spl  antibodies  efficiently  immunoprecipitated  Spl  but  not  Sp3 
{lane  2),  whereas  antibodies  against  Sp3  immunoprecipitated 
Sp3  but  not  Spl  {lane  4),  The  results  demonstrated  that  Spl 
does  not  associate  with  Sp3  in  T5  cells.  Further,  the  immuno¬ 
blot  results  show  that  T5  breast  cancer  cells  express  the  L-, 
Ml-,  and  M2-Sp3  forms,  with  the  latter  lower  molecular  mass 
forms  of  Sp3  predominating.  Quantification  of  Spl  and  Sp3 
levels  on  immunoblots  indicated  that  Spl  was  3-fold  more 
abundant  than  Sp3. 
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Fig.  2.  Spl  and  Sp3  are  associated  with  HDACl  and  HDAC2. 

Two  Ageo  of  T5  cell  lysate  treated  with  {-^E2)  or  without  {-E2)  10  nM 
estradiol  was  immunoprecipitated  using  4  pg  of  anti-Spl  and  anti-Sp3 
antibodies.  HDAC  activities  of  immunoprecipitated  fractions  were  an¬ 
alyzed  using  ®H-labeled  histones  (A).  Each  value  represents  the  mean  ± 
S.E.  of  three  different  preparations.  In  B,  10  p\  of  cell  lysate,  IP,  and  ID 
fractions  prepared  as  described  in  Fig.  1  were  loaded  onto  a  SDS-10% 
polyacrylamide  gel,  transferred  to  nitrocellulose  membranes,  and  im- 
munochemically  stained  with  anti-HDACl  and  HDAC2  antibodies. 


It  has  been  reported  that  Spl  recruits  HDACl  to  repress 
transcription  (25).  It  is  conceivable  that  Sp3  also  recruits 
HDAC  to  repress  transcription.  Fig.  2A  shows  that  Spl  and  Sp3 
were  associated  with  HDAC  activity.  Culturing  breast  cancer 
cells  in  the  absence  or  presence  of  estradiol  did  not  affect  the 
HDAC  activity  associated  with  these  transcription  factors.  The 
sequential  immunoprecipitation  strategy  with  anti-Spl  fol¬ 
lowed  by  anti-Sp3  antibodies  was  applied  to  decide  which  of  the 
HDACs  was  bound  to  Spl  or  Sp3.  Fig.  2B  shows  that  Spl  and 
Sp3  were  associated  with  HDACl  and  HDAC2.  Both  immuno- 
precipitates  were  highly  enriched  in  a  slower  migrating  form  of 
HDAC2.  Neither  Spl  nor  Sp3  was  associated  with  HDAC3 
(data  not  shown). 

The  preferential  association  of  the  slower  migrating  form  of 
HDAC2  with  the  transcription  factors  Spl  and  Sp3  suggested 
that  this  form  of  HDAC2  may  be  selectively  in  contact  with 
chromatin.  T5  cells  were  incubated  with  the  cross-linker  cis- 
platin,  and  the  proteins  cross-linked  to  nuclear  DNA  in  situ 
were  isolated.  Unlike  formaldehyde,  cisplatin  does  not  form 
protein-protein  cross-links.  Fig.  3A  shows  that  the  slower  mi¬ 
grating  form  of  HDAC2  was  enriched  in  the  proteins  cross- 
linked  to  DNA.  Similar  results  were  obtained  with  the  cross¬ 
linker  formaldehyde.  HDAC3  was  not  cross-linked  to  nuclear 
DNA  with  cisplatin. 

As  HDACl  is  phosphorylated  (26,  27),  we  determined 
whether  the  slower  migrating  form  of  HDAC2  was  phosphoryl¬ 
ated  by  incubating  the  proteins  cross-linked  to  DNA  with  al¬ 
kaline  phosphatase.  Fig,  3jB  demonstrates  that  incubation  of 
the  protein  sample  with  alkaline  phosphatase  resulted  in  the 
disappearance  of  the  slower  migrating  form  of  HDAC2  and  the 
appearance  of  a  band  co-migrating  with  the  major  HDAC2 
band  present  in  the  cell  lysate.  Identical  results  were  obtained 
when  the  Spl  or  Sp3  immunoprecipitates  were  incubated  with 
alkaline  phosphatase  (data  not  shown).  The  phosphorylated 
form  of  HDACl  has  a  reduced  mobility  on  SDS  gels  (27).  How¬ 
ever,  we  did  not  observe  an  enrichment  of  the  slower  migrating 
HDACl-phosphorylated  form  in  the  Spl  or  Sp3  immunopre¬ 
cipitates  or  in  the  protein  fraction  cross-linked  to  DNA  with 
cisplatin.  Treatment  of  these  fractions  with  alkaline  phospha¬ 
tase  did  not  alter  the  mobility  of  HDACl,  ruling  out  the  possi¬ 
bility  that  the  entire  HDACl  population  was  phosphorylated. 

Recently,  HDACl  was  shown  to  be  phosphorylated  by  CK2 
(26,  27).  The  CK2  phosphorylation  sites  located  in  the  C-termi- 
nal  region  of  HDACl  are  conserved  in  HDAC2  (27).  Fig.  4A 
illustrates  that  incubation  of  HDAC2  in  the  cell  lysate  with 
CK2  and  ATP  generates  the  slower  migrating  HDAC2  form. 
Inhibition  of  CK2  with  apigenin  prevented  the  appearance  of 
this  band.  Further,  GST-HDAC2  and  casein  but  not  GST  were 
radiolabeled  with  CK2  and  P^PJATP  (Fig.  4H).  To  decide  if  CK2 
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Fig.  3.  Phosphorylated  HDAC2  is  preferentially  associated 
with  chromatin.  T5  cells  were  incubated  with  1  mM  cisplatin,  and 
proteins  cross-linked  to  DNA  were  isolated.  Ten  jutg  of  protein  was 
separated  on  a  SDS-12%  polyacrylamide  gel,  transferred  onto  nitrocel¬ 
lulose  membranes,  and  immunochemically  stained  with  anti-HDAC2 
and  anti-HDAC3  antibodies  (A).  Protein  cross-linked  to  DNA  was  incu¬ 
bated  with  or  without  alkaline  phosphatase,  separated  on  a  SDS-12% 
polyacrylamide  gel,  and  immunochemically  stained  with  anti-HDAC2 
antibodies  (B). 


Fig.  4.  Protein  kinase  CK2  phosphorylates  HDAC2,  An  equal 
amount  of  cell  lysate  protein  (20  jutg)  was  incubated  with  or  without 
purified  CK2  and  with  or  without  80  /xm  apigenin  in  the  presence  ATP. 
The  control  and  treated  samples  and  10  ju-g  of  protein  cross-linked  to 
DNA  with  cisplatin  were  loaded  onto  a  SDS-12%  polyacrylamide  gel, 
transferred  onto  nitrocellulose  membranes,  and  immunochemically 
stained  with  anti-HDAC2  antibody  (A).  Purified  GST-HDAC2  fusion 
protein,  GST,  and  casein  were  incubated  with  purified  CK2  in  the 
presence  of  [y-^^PjATP.  The  samples  were  loaded  onto  a  SDS-15% 
polyacrylamide  gel.  The  dried  gel  was  autoradiographed  (B).  C,  an 
equal  amount  of  T5  cell  lysate  (2  A260)  was  immunoprecipitated  with  4 
jULg  of  anti-HD  AC  1  and  anti-HDAC2  antibodies.  After  washing  with 
immunoprecipitation  buffer,  the  beads  were  boiled  in  SDS  loading 
buffer.  The  immunoprecipitated  samples  and  nuclear  extracted  protein 
(10  p,g)  were  loaded  onto  a  SDS-10%  polyacrylamide  gel,  transferred  to 
a  nitrocellulose  membrane,  and  immunochemically  stained  with  anti- 
CK2q:  and  anti-CK2Q:'  antibodies. 

was  associated  with  HDAC2,  HDAC2  and  HDACl  immunopre- 
cipitates  were  analyzed  by  immunoblotting  with  anti-CK2Q:  or 
anti-CK2o:'  antibodies  (Fig.  4C).  HDAC2  and  to  a  lesser  extent 
HDACl  were  bound  to  CK2.  Immunoblotting  experiments  of 
Spl  and  Sp3  immunoprecipitates  revealed  the  presence  of  CK2 
(data  not  shown). 

In  immunoprecipitation  and  immunoblotting  experiments 
we  determined  that  most  HDAC2  was  in  complex  with  HDACl 
in  T5  breast  cancer  cells.  HDACl,  which  was  more  abundant 
than  HDAC2,  was  in  complex  with  HDAC2  and  with  other 
complexes  not  containing  HDAC2.  Incubation  of  HDACl  and 
HDAC2  immunoprecipitates  with  alkaline  phosphatase  re¬ 
duced  the  HDAC  activity  of  the  complexes  (Fig.  5).  The  associ¬ 
ated  HD  AC  activities  with  Spl  and  Sp3  immunoprecipitates 
were  also  reduced  when  incubated  with  alkaline  phosphatase. 

In  summary,  we  demonstrate  that  Sp3  and  Spl  are  associ¬ 
ated  with  HDACl  and  CK2-phosphorylated  HDAC2.  Although 
most  HDAC2  is  in  an  unmodified  state,  phosphorylated 
HDAC2  is  preferentially  associated  with  Spl,  Sp3,  and  chro¬ 
matin  in  human  breast  cancer  cells.  CK2  is  up-regulated  in 


Fig.  5.  Phosphatase  digestion  reduces  HDAC  activity  associ¬ 
ated  with  Spl  and  Sp3.  An  equal  amount  of  cell  lysate  (2  Ageo)  was 
immunoprecipitated  with  anti-Spl,  anti-Sp3,  anti-HDACl,  and  anti- 
HDAC2  antibodies.  These  immunoprecipitated  fractions  were  incu¬ 
bated  with  (-I-AP)  or  without  (-AP)  alkaline  phosphatase,  and  HDAC 
activities  were  measured.  Each  value  represents  the  mean  ±  S.E.  of 
three  different  preparations. 

several  cancers  including  breast  cancer,  and  there  is  evidence 
that  CK2  may  promote  breast  cancer  by  deregulating  key  tran¬ 
scription  processes  (28-30).  Many  estrogen-induced  genes  {e.g. 
cathepsin  D,  c-/bs,  adenine  deaminase,  and  c-myc)  in  human 
breast  cancer  cells  have  a  half-site  estrogen  response  element 
positioned  next  to  a  Spl  binding  site  (31-33),  Sp3  would  com¬ 
pete  with  Spl  to  bind  the  regulatory  regions  of  these  genes. 
Both  Spl  and  Sp3  may  recruit  HDACl  and  phosphorylated 
HDAC2  to  these  sites,  whereas  the  estrogen  receptor  recruits 
histone  acetyltransferases  CBP  (cAMP-response  element-bind¬ 
ing  protein  (CREB)-binding  protein)  and  p300,  resulting  in 
dynamic  acetylation  of  histones  and  transcription  factors  lo¬ 
cated  at  the  promoters  of  these  genes  (4,  34,  35).  CK2  phospho¬ 
rylation  of  HDAC2  recruited  by  Spl  or  Sp3  would  regulate 
HDAC  activity  and  alter  the  balance  of  histone  deacetylase  and 
histone  acetyltransferase  activities  and  dynamic  chromatin  re¬ 
modeling  of  these  estrogen-regulated  promoters. 
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Abstract 

The  function  of  a  protein  in  gene  expression  can  often  be  explained,  in  part,  by  the  location  of  that  protein  along  a  specific  gene 
sequence.  In  recent  years,  the  chromatin  immunoprecipitation  (ChIP)  assay  has  been  developed  to  study  the  association  of  proteins 
located  within  2  A  of  DNA  such  as  transcription  factors  and  modified  histones.  Numerous  important  findings  have  been  published 
using  the  ChIP  assay  and  many  questions  about  transcription  have  been  answered.  In  this  article,  we  present  the  ChIP  assay 
currently  used  in  our  lab  and  discuss  the  various  ways  to  optimize  this  assay  for  one’s  own  use. 

©  2003  Published  by  Elsevier  Science  (USA). 
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1.  Introduction 

The  chromatin  immunoprecipitation  (ChIP)  assay 
has  become  a  very  popular  technique  for  fine-mapping 
the  location  of  modified  histones,  transcription  factors, 
and  nonhistone  chromosomal  proteins.  Moreover,  it  is 
an  in  situ  technique  that  offers  a  more  physiological 
representation  of  nuclear  events  involved  in  the  pro¬ 
cessing  of  DNA.  In  this  assay,  cells  are  incubated  briefly 
with  the  crosslinker  formaldehyde  to  prevent  the  sepa¬ 
ration  of  DNA-associated  proteins  from  their  target 
DNA  sequence  in  subsequent  steps  (Fig.  1).  The  cells  are 
then  sonicated  to  fragment  the  DNA,  and  the  lysate  is 
centrifuged  to  remove  insoluble  cellular  debris.  The 
cleared  lysate  is  incubated  with  a  primary  antibody,  and 
the  antibody-antigen  complexes  are  then  captured  with 
protein  A-  or  protein  G-Sepharose  depending  on  the 
nature  of  the  antibody.  The  Sepharose  is  washed  several 
times  with  buffers  containing  different  salt  and  detergent 
concentrations,  and  the  antibody-antigen  complexes  are 
eluted  from  the  protein  AJG  with  a  high  detergent  elu¬ 
tion  buffer.  The  protein  complement  of  the  immune 
complexes  is  then  digested  away  and  the  DNA  isolated 
by  ethanol  precipitation. 
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Initially,  the  ChIP  assay  was  used  to  study  the  asso¬ 
ciation  of  hyperacetylated  histones  with  specific  DNA 
sequences  to  further  understand  the  role  of  histone 
acetylation  in  transcription  [1].  However,  more  recent 
studies  have  used  the  ChIP  protocol  to  characterize 
DNA  sequences  associated  with  specific  transcription 
factors  [2,3]. 

To  date,  numerous  articles  have  presented  different 
versions  of  the  ChIP  protocol.  However,  minute  yet 
significant  details  that  may  improve  the  success  of  this 
protocol  are  often  excluded  from  these  articles.  The 
purpose  of  this  article  is  to  present  a  ChIP  protocol  used 
to  study  DNA  sequences  associated  with  both  acetylated 
histones  and  transcription  factors  and  to  discuss  the 
various  ways  to  optimize  this  protocol. 

2.  Methods 

2.1.  Chromatin  immunoprecipitation 

The  following  protocol  has  been  devised  from  pre¬ 
viously  published  protocols  [1,4]. 

2.1.1.  Formaldehyde  crosslinking 

MCF-7  (T5)  cells  grown  on  a  150  x  20-mm  tissue 
culture  dish  to  approximately  80-90%  confluence  are 
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Fig.  L  Schematic  representation  of  the  ChIP  protocol.  In  the  ChIP  protocol,  cells  are  treated  with  1%  formaldehyde  to  crosslink  proteins  to  DNA. 
The  cells  are  then  lysed  and  sonicated  to  fragment  the  DNA.  The  sonicated  lysate  is  centrifuged  to  remove  cell  debris,  and  diluted  to  2  A260  units/ml 
with  dilution  or  1  x  RIPA  buffer.  Primary  antibody  is  added  to  the  sample,  and  the  sample  is  incubated  for  2  h  to  overnight.  Protein  A/G-Sepharose 
is  then  added  to  the  sample  to  capture  the  immune  complexes  and  the  sample  is  incubated  for  2  h.  Proteins  and  DNA  nonspecifically  associated  with 
the  protein  A/G  are  removed  by  washing  the  resin.  Immune  complexes  are  eluted  from  the  protein  A/G  resin  and  the  DNA  associated  with  the  target 
antigen  is  isolated  and  analyzed  by  Southern  slot-blot  analysis  or  PCR. 
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incubated  with  10  ml  of  1%  formaldehyde  in  1  x  PBS  for 
8-10  min  at  room  temperature  (see  Sections  3.3  and  3.4). 
The  cells  are  washed  two  times  with  lx  ice-cold  PBS, 
harvested  with  a  rubber  policeman,  and  then  either 
stored  at  -80  °C  or  resuspended  in  750  jil  of  lysis  buffer 
A  containing  protease  inhibitors  (1  mM  PMSF,  1  pg/ml 
aprotinin,  lOpg/ml  leupeptin,  50  pM  iodoacetamide). 
Depending  on  the  nature  of  the  target  protein  to  be 
investigated,  phosphatase  and  kinase  inhibitors  as  well 
as  deacetylase  inhibitors  may  be  included  in  the  lysis 
buffer. 

2.1.2.  Preparation  of  the  cell  lysate  for  immunoprecipita- 
tion 

The  cell  lysate  is  placed  on  ice  and  sonicated  for  14- 
30-s  pulses  at  40%  output  with  a  Braun-Sonic  1510 
Sonicator.  These  sonication  conditions  may  vary  with 
different  types  of  sonicators.  As  well,  the  degree  of 
sample  sonication  may  vary  depending  on  the  length 
and  location  of  the  target  DNA  sequence  (see  Section 
3.6).  Therefore,  to  determine  the  ideal  conditions  for 
sonication,  one  should  perform  a  preliminary  experi¬ 
ment  where  a  cell  lysate  is  sonicated  for  various  time 
lengths  and  the  size  of  the  DNA  fragments  determined 
by  agarose  gel  electrophoresis. 

To  determine  the  size  of  DNA  fragments,  10-20  pi  of 
sonicated  cell  lysate  is  made  up  to  100  pi  with  double- 
distilled  water.  The  sample  is  then  incubated  at  68  °C  for 
6  h  to  overnight  and  supplemented  with  50  pg/pl  pro¬ 
teinase  K  for  another  1-2  h  at  55  °C.  After  protein  re¬ 
moval,  an  equal  volume  of  phenol:chloroform:isoamyl 
alcohol  (24:23:1)  is  added  to  the  sample  and  the  sample 
is  mixed,  then  centrifuged  at  10,000  rpm  for  3  min  in  a 
microcentrifuge.  The  top  aqueous  phase  is  transferred  to 
a  new  microcentrifuge  tube  and  supplemented  with  1/ 
10th  the  volume  of  sodium  acetate  and  2-3  vol  of  ab¬ 
solute  ethanol.  The  DNA  is  then  precipitated  by  incu¬ 
bating  the  sample  at  -80  °C  for  at  least  1  h.  Following 
precipitation,  the  DNA  is  washed  once  with  ice-cold 
70%  ethanol,  resuspended  in  20  pi  double-distilled  wa¬ 
ter,  supplemented  with  loading  buffer,  and  analyzed  on 
an  ethidium  bromide-stained  agarose  gel. 

After  sonication,  the  cell  lysate  is  centrifuged  at 
10,000  rpm  for  10  min  at  4®C  in  a  microcentrifuge.  This 
step  removes  the  insoluble  cellular  debris.  Following 
this,  the  amount  of  ^260  units/ml  is  determined  by 
spectrophotometry  and  the  cell  lysate  is  diluted  to  2  ^260 
units/ml  with  1  x  RIPA  containing  1  mM  PMSF,  1  pg/ml 
aprotinin,  10  pg/ml  leupeptin,  and  50  pM  iodoaceta-  ,^ 
mide.  As  mentioned  previously,  inhibitors  of  kinases, 
phosphatases,  and/or  histone  deacetylases  can  be  added 
to  the  diluted  sample  depending  on  the  nature  of  the 
target  protein.  Alternative  buffers  can  be  used  such  as 
dilution  buffer  or  buffers  with  lower  salt  and  detergent 
concentration.  However,  decreasing  the  salt  and  deter¬ 
gent  concentrations  may  increase  the  amount  of  non¬ 


specific  protein-DNA  complexes  that  associate  with 
protein  A/G.  The  cell  lysate  is  diluted  before  antibody 
addition  to  reduce  the  amount  of  complexes  brought 
down  nonspecifically  by  the  protein  A/G-Sepharose  in 
the  subsequent  step. 

Two  hundred  microliters  of  the  diluted  lysate  is  set 
aside  to  represent  input  DNA  sequences  in  the  ChIP 
DNA  analyses.  This  sample  is  diluted  to  350  pi  with 
double-distilled  water  and  incubated  at  68  °C  for  6  h  to 
overnight  to  reverse  the  formaldehyde  DNA-protein 
complexes.  RNase  A  is  then  added  to  the  diluted  input 
to  a  final  concentration  of  40  pg/pl,  and  the  sample  in¬ 
cubated  at  37  °C  for  1  h.  Following  RNA  digestion,  the 
proteins  are  removed  and  the  ChIP  DNA  is  isolated  as 
described  in  Section  2.1.4. 

2.1.3.  Immunoprecipitation  of  the  target  protein 

Primary  antibody  is  added  to  the  diluted  lysate  and 
the  sample  incubated  30  min  to  overnight  at  4  °C  (see 
Section  3.1).  Shorter  time  intervals  such  as  30  min  are 
recommended  for  incubation  with  the  primary  antibody 
to  limit  the  amount  of  nonspecific  proteins  associated 
with  the  antibody.  The  amount  of  DNA  associated 
nonspecifically  with  protein  A/G  should  be  controlled 
for  by  including  a  no  antibody  control  and  a  preimmune 
serum  control.  In  the  latter  case,  one  should  ideally  use  a 
volume  of  preimmune  serum  (preferentially  isolated 
from  the  animal  prior  to  immunization)  that  is  equiva¬ 
lent  to  that  of  the  test  primary  antibody.  However,  this 
approach  is  usually  not  feasible  and  instead  an  isotype- 
matched  antibody  recognizing  a  nonnuclear,  and  non- 
DNA-binding  protein  can  be  used. 

After  the  initial  primary  antibody  incubation,  5  pg  of 
sonicated  Escherichia  coli  or  salmon  sperm  competitor 
DNA  and  10  pg  of  BSA  are  added  to  the  sample  to  re¬ 
duce  the  nonspecific  association  of  protein  or  DNA  se¬ 
quences  with  the  protein  A/G-Sepharose.  Fifty 
microliters  of  50:50  (v/v)  protein  A/G:Sepharose 
(Amersham  Pharmacia,  NJ)  is  then  added  to  the  sample 
to  capture  the  immune  complexes  and  the  sample  in¬ 
cubated  at  4°C  for  2  h  (see  Section  3.5).  To  further  re¬ 
duce  the  levels  of  DNA  and  proteins  nonspecifically 
associated  with  the  protein  A/G-Sepharose,  the  resin 
can  be  pretreated  with  0.1  mg/ml  of  sonicated  salmon 
sperm  or  E.  coli  DNA  and  1  mg/ml  BSA  for  a  minimum 
of  Ih. 

<  DNA  and  proteins  nonspecifically  associated  with  the 
protein  A/G-Sepharose  are  removed  by  washing  the 
resin  three  times  with  1  x  RIPA,  three  times  with  1  x 
RIPA  supplemented  with  NaCl  to  a  final  concentration 
of  1  M,  two  times  with  250mM  LiCl  buffer,  and  two 
times  with  TE  (pH  8)  buffer.  Each  wash  is  performed 
over  4  min.  Alternatively,  the  protein  A/G-Sepharose 
can  be  washed  for  5-10  min  each  with  low-salt  buffer, 
high-salt  buffer  and  250  mM  LiCl  buffer,  and  then  twice 
with  TE  (pH  8)  buffer.  The  number  and  type  of  washes 
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depend  on  the  amount  of  nonspecific  protein-DNA 
complexes  associated  with  the  protein  A/G-Sepharose. 

Once  the  protein  A/G-Sepharose  has  been  washed, 
the  immunoprecipitated  DNA-protein  complexes  are 
collected  at  room  temperature  by  incubating  the 
Sepharose  in  200  pi  of  1.5%  SDS  (w/v)  elution  buffer  for 
15  min,  centrifuging  the  beads  in  a  microcentrifuge  at 
3000  rpm  for  1  min,  and  then  transferring  the  eluted 
complexes  to  a  microcentrifuge  tube.  The  beads  are  then 
resuspended  in  150  pi  of  0.5%  SDS  (w/v)  elution  buffer 
for  15  min  and  centrifuged,  and  the  additional  eluted 
complexes  are  pooled  together  with  the  complexes  in 
1.5%  SDS  elution  buffer.  Alternatively,  protein-DNA 
complexes  can  be  removed  by  incubating  the  protein  A/ 
G  in  an  elution  buffer  containing  1%  SDS  (w/v)  and 
O.lMNaHCOa. 

2.1.4.  Isolation  of  DNA  associated  with  the  immunopre¬ 
cipitated  protein 

The  eluted  protein-DNA  complexes  are  incubated  at 
68  °C  for  6  h  to  overnight  to  reverse  the  formaldehyde 
crosslinks,  and  then  at  55  °C  for  2  h  in  the  presence  of 
200mM  NaCl,  lOmM  EDTA  (pH  8),  40 mM  Tris-HCl 
(pH  6.5),  and  50  pg/ml  proteinase  K  to  digest  the  pro¬ 
tein.  The  sample  is  then  extracted  with  a  25:24:1  mixture 
of  phenol :chloroform:  isoamyl  alcohol  and  precipitated 
in  the  presence  of  carrier  DNA  with  2-3  vol  of  absolute 
ethanol.  Between  5  and  lOpg  glycogen  is  typically  used 
as  carrier.  Other  carriers  such  as  tRNA  can  also  be 
used,  however,  tRNA  is  70  to  90  nucleotides  long  and, 
when  stained  with  ethidium  bromide,  appears  as  a 
smear  below  100  bp  on  an  agarose  gel.  To  remove  any 
residual  salt,  the  ChIP  DNA  is  washed  once  with  ice- 
cold  70%  ethanol,  air-dried,  and  resuspended  in  20  pi 
double-distilled  water  or  TE  buffer  (pH  8).  If  one  wishes 
to  avoid  this  method  of  DNA  purification,  a  DNA 
isolation  kit  can  be  used  but  the  efficiency  of  this  kit  in 
the  isolation  of  very  small  amounts  of  DNA  should  be 
tested  first, 

A  Chip  DNA  sample  will  contain  anywhere  from  50 
to  several  hundred  nanograms  of  DNA  depending  on 
the  antibody’s  ability  to  efficiently  immunoprecipitate  its 
target  protein.  However,  the  exact  amount  of  immuno¬ 
precipitated  DNA  in  a  sample  is  difficult  to  determine 
since  competitor  DNA  is  also  present.  Because  of  this, 
Chip  DNA  samples  are  usually  analyzed  by  volume. 

2.1.5.  Analysis  of  DNA  associated  with  the  immunopre¬ 
cipitated  protein 

The  DNA  isolated  from  a  ChIP  assay  can  be  ana¬ 
lyzed  by  either  Southern  slot  blot  analysis  or  PCR.  If 
analyzed  by  Southern  slot-blotting,  the  DNA  can  be 
applied  to  a  nylon  membrane  and  hybridized  to  ra¬ 
diolabeled  or  digoxygenin  (DIG)-labeled  DNA  probes 
[5],  Alternatively,  the  ChIP  DNA  can  be  radiolabeled 
or  DIG-labeled  and  used  as  a  probe  to  hybridize  to 


specific  genomic  DNA  sequences  blotted  on  a  nylon 
membrane  [6]. 

In  the  past  few  years,  the  method  of  choice  for  ChIP 
DNA  analysis  has  been  PCR.  For  studying  the  associ¬ 
ation  of  acetylated  H3,  acetylated  H4,  ERa,  and 
HDACl  with  a  specific  DNA  region,  we  typically  use 
2  |il  of  input  DNA  in  one  PCR  and  4  pi  of  ChIP  DNA  in 
another  identical  PCR,  with  both  reactions  containing 
primers  to  the  target  DNA  region.  However,  different 
antibodies  display  different  efficiencies  in  their  ability  to 
immunoprecipitate  their  target  antigen.  Therefore,  the 
volume  of  ChIP  DNA  in  each  PCR  is  ultimately  de¬ 
pendent  on  the  quality  of  the  antibody.  The  PCR  is 
carried  out  until  the  reaction  is  in  the  linear  stage  of 
amplification.  This  typically  takes  between  27  and  31 
cycles  depending  on  the  primer  set.  The  rate  of  ampli¬ 
fication  can  be  determined  by  conducting  the  PCR 
amplification  procedure  in  an  iCycler  (Bio-Rad,  CA). 
Alternatively,  a  classic  PCR  approach  can  be  used 
whereby  identical  PCRs  are  carried  out  for  different 
cycle  numbers  and  the  level  of  PCR  product  in  each 
reaction  is  measured  by  agarose  gel  electrophoresis 
combined  with  scanning  densitometry.  The  level  of  PCR 
product  in  each  PCR  can  then  be  plotted  against  the 
cycle  number  to  determine  the  number  of  cycles  required 
to  reach  a  linear  stage  of  amplification. 

To  determine  if  a  specific  DNA  sequence  becomes 
associated  with  a  transcription  factor  or  a  modified 
histone  after  a  treatment,  we  measure  the  levels  of  PCR 
product  from  ChIP  and  input  DNA  in  control  and 
treated  cells  by  agarose  gel  electrophoresis  using  ethi¬ 
dium  bromide  to  stain  DNA  and  scanning  densitome¬ 
try  for  quantification.  Then  we  determine  the  level  of 
DNA  sequence  enrichment  in  ChIP  DNA  for  both 
control  and  treated  cells  by  dividing  the  net  density  of 
PCR  product  from  ChIP  DNA  by  the  net  density  of 
product  from  the  respective  input  DNA.  The  fold  en¬ 
richment  of  DNA  sequence  in  the  treated  sample  is 
then  determined  by  dividing  the  level  of  sequence  en¬ 
richment  for  the  treated  sample  by  that  for  the  control 
sample. 

Although  the  ChIP  protocol  is  useful  for  studying  the 
binding  of  proteins  to  DNA,  it  is  usually  more  of  a 
qualitative  than  a  quantitative  approach.  One  can  de¬ 
termine  if  a  specific  protein  is  associated  with  a  specific 
DNA  sequence;  however,  whether  this  association  is 
true  for  every  cell  in  the  cell  lysate  is  difficult  to  deter¬ 
mine. 


3.  Optimization  of  the  ChIP  protocol 

In  the  Chip  assay,  an  antibody  is  used  to  capture  a 
specific  DNA-associated  protein.  The  success  of  this 
protocol  is  entirely  dependent  on  the  quality  of  the  an¬ 
tibody  used.  An  antibody  of  good  quality  should  be 
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specific  and  efficient  in  the  immunoprecipitation  of  a 
specific  protein. 

3.1.  Determining  the  efficiency  of  an  antibody  to  immu- 
noprecipitate  its  target  antigen 

A  procedure  we  find  useful  for  determining  the  effi¬ 
ciency  of  immunoprecipitation  of  an  antibody  involves 
lysing  cells  with  lysis  buffer  A.  For  this  test,  we  recom¬ 
mend  that  the  cells  not  be  crosslinked  with  formalde¬ 
hyde  prior  to  lysis  since  formaldehyde  crosslinking  may 
interfere  with  subsequent  steps  in  this  protocol.  The  cell 
lysate  is  diluted  to  2^260  units/ml  with  dilution  buffer  or 
lx  RIP  A  buffer  containing  protease  inhibitors  (ImM 
PMSF,  I  pg/ml  aprotinin,  10  pg/ml  leupeptin,  and  50  pM 
iodoacet amide).  One  milliliter  of  the  diluted  lysate  is 
aliquoted  into  each  of  several  microcentrifuge  tubes,  and 
different  amounts  of  test  antibody  are  added  to  each 
tube  so  that  different  dilutions  (i.e.,  1/100,  1/250,  1/400, 
1/1000)  of  the  antibody  are  tested.  The  tubes  are  then 
incubated  for  30  min  to  overnight  at  4  The  length  of 
time  for  incubation  with  the  primary  antibody  will  vary 
with  each  type  of  antibody  and  the  propensity  for  the 
antibody  to  associate  with  nontarget  proteins. 

Following  primary  antibody  incubation,  50  pi  of  a 
50:50  (v/v)  protein  A/G  slurry  is  added  to  each  tube  for 
every  milliliter  of  cell  lysate  (refer  to  Section  3,5  for  a 
discussion  of  the  type  of  protein  Sepharose  to  add).  The 
tubes  are  incubated  for  an  additional  2  h  and  then 
centrifuged  for  3  min  at  3000  rpm  in  a  microcentrifuge. 
Low-speed  centrifugation  is  used  to  protect  the  protein 
A/G  resin  from  damage.  The  supernatant  is  then 
transferred  to  a  fresh  microcentrifuge  tube,  and  the 
protein  A/G-Sepharose  is  saved  for  determining  the 
antibody  specificity  (see  Section  3.2).  An  equal  volume 
of  supernatant  (i.e.,  20  pi)  is  then  withdrawn  from  each 
tube,  and  placed  into  a  fresh  microcentrifuge  tube  con¬ 
taining  SDS  loading  buffer  (i.e.,  5  pi  of  5 x).  The  samples 
are  boiled  for  3  min.,  electrophoresed  onto  a  SDS  gel, 
and  transferred  to  nitrocellulose  membrane.  If  the  pro¬ 
tein  in  question  migrates  at  a  molecular  weight  close  to 
that  of  the  primary  antibody’s  heavy  and  light  chains,  [3- 
mercaptoethanol  should  be  excluded  from  the  loading 
buffer  as  this  will  prevent  the  dissociation  of  the  primary 
antibody  and  prevent  the  antibody  from  entering  the  gel 
during  electrophoresis.  The  nitrocellulose  membrane  is 
then  immunoblotted  with  the  test  antibody  to  detect  for 
the  presence  or  absence  of  the  target  protein  from  the 
supernatant.  If  the  antibody  is  efficient  at  removing  its 
target  antigen  from  the  supernatant,  the  level  of  antigen 
should  decrease  as  the  amount  of  antibody  present  is 
increased  (Fig.  2A).  If  formaldehyde-crosslinked  cells 
are  used  for  this  preliminary  protocol,  the  charge  of  the 
target  protein  may  become  altered,  causing  the  target 
protein  to  migrate  to  a  slightly  different  position  on  a 
SDS  gel.  In  addition,  the  formaldehyde  may  crosslink 
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Fig.  2.  Determining  the  immunoprecipitation  efficiency  of  an  antibody. 

(A)  Cell  lysate  diluted  to  2  ^260  units/ml  was  divided  into  four  aliquots. 
One  aliquot  was  used  as  input  and  anti-HDAC  1  antibody  (ABR,  CO) 
was  added  to  the  remaining  three  tb  final  dilutions  of  1/100,  1/250,  and 
1/400,  respectively.  After  a  2-h  incubation,  50  pi  of  a  50:50  (v/v)  protein 
A  slurry  was  added  to  each  sample  for  2  h.  Twenty  microliters  of  su¬ 
pernatant  was  removed  from  each  sample,  supplemented  with  SDS 
loading  buffer,  electrophoresed  onto  a  10%  SDS-polyacrylamide  gel, 
and  transferred  to  nitrocellulose.  The  resulting  membrane  was  sub¬ 
jected  to  Western  blot  analysis  using  the  same  anti-HDAC  1  antibody. 

(B) .  Diluted  cell  lysate  was  divided  into  four  aliquots.  One  aliquot  was 
used  as  input  and  anti-ERot  antibody  (Novacastra,  UK)  was  added  to 
the  remaining  three  to  final  dilutions  of  1/100,  1/250,  and  1/400,  re¬ 
spectively.  After  a  2-h  incubation,  50  pi  of  a  50:50  (v/v)  protein  A 
slurry  was  added  to  each  sample  for  2  h.  Ten  microliters  of  TE  buffer 
(pH  8)  and  SDS-PAGE  loading  buffer  were  added  to  the  protein  A. 
The  sample  was  boiled  for  5  min,  electrophoresed  onto  a  10%  SDS- 
polyacrylamide  gel,  and  transferred  to  nitrocellulose.  The  resulting 
membrane  was  subjected  to  Western  blot  analysis  using  the  same  anti- 
ERot  antibody.  HDACl  and  ER  signify  the  locations  of  histone  de- 
acetylase  1  and  estrogen  receptor  ot,  respectively. 


the  target  protein  to  another  protein  and  this  may  also 
alter  its  migration. 

3.2.  Determining  the  specificity  of  an  antibody  for  its 
target  antigen 

Specificity  is  extremely  important  to  determine  since 
many  commercially  available  antibodies  can  nonspecif- 
ically  immunoprecipitate  proteins.  In  fact  some  com¬ 
mercial  antibodies  immunoprecipitate  nontarget  protein 
substrates  more  efficiently  than  their  target  proteins.  To 
determine  the  specificity  and  functionality  of  an  anti¬ 
body,  the  protein  A/G-Sepharose  saved  in  Section  3.1 
from  each  ChIP  sample  is  washed  with  various  high-salt 
and/or  high-detergent  buffers  as  described  in  Section 
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2.1.3  to  remove  nonspeciiically  bound  material.  Fol¬ 
lowing  the  washes,  the  associated  proteins  are  isolated 
by  resuspending  the  Sepharose  in  TE  buffer  (pH  8) 
containing  SDS  loading  buffer  and  boiling  the  sample 
for  3-5  min.  The  extracted  proteins  are  then  loaded  onto 
a  SDS  gel  and  transferred  to  nitrocellulose  membrane, 
and  the  membrane  is  immunoblotted  with  the  test  an¬ 
tibody.  A  functional  antibody  will  show  an  increase  in 
antigen  associated  with  protein  A/G  as  the  amount  of 
antibody  is  increased  (Fig.  2B).  The  absence  of  antigen 
from  the  Sepharose  may  indicate  that  the  antibody  is 
nonfunctional  for  immunoprecipitation  assays  or  that 
the  immunoprecipitation  buffer  and/or  wash  buffers  are 
too  stringent  to  allow  binding  of  the  antibody  to  its 
target  antigen. 

3.3.  Optimization  of  formaldehyde  crosslinking 

Formaldehyde  crosslinks  protein  to  DNA,  RNA, 
and  protein  [7-9].  This  reagent  is  capable  of  causing 
cancer  and  heritable  genetic  lesions.  In  addition,  form¬ 
aldehyde  is  toxic  by  inhalation  and  readily  absorbed 
through  the  skin.  When  working  with  this  reagent,  one 
should  wear  a  respirator,^  chemical-resistant  gloves, 
safety  goggles,  and  other  protective  clothing  such  as  a 
lab  coat.  This  reagent  should  be  handled  only  in  a 
chemical  fume  hood  to  avoid  inhalation  of  the  vapors. 
Formaldehyde  is  combustible  and  should  therefore  be 
kept  away  from  heat  and  open  flame  and  stored  in  a 
cool  dry  place. 

The  ability  to  fine-map  a  protein  to  a  specific  DNA 
sequence  is  dependent  on  the  extent  to  which  DNA, 
RNA,  and  protein  become  crosslinked  to  protein.  In  the 
Chip  assay,  cells  are  treated  with  1%  formaldehyde  for  a 
brief  time  (i.e.,  8-10  min  depending  on  cell  type)  so 
that  only  nuclear  components  located  within  2  A 
of  DNA  become  crosslinked  to  DNA  [10].  This  means 
that  proteins  located  within  2  A  of  DNA  will  become 
crosslinked  to  DNA  whether  they  are  bound  to  or  sit¬ 
uated  next  to  DNA.  Furthermore,  a  brief  exposure  to 
1%  formaldehyde  (i.e.,  1  min)  can  crosslink  histones  to 
one  another  [8].  Thus,  a  target  protein  may  appear  to  be 
directly  associated  with  a  specific  DNA  region,  when,  in 
fact,  its  association  is  indirect.  Several  transcriptional 
co-activators  have  been  shown  to  be  indirectly  associ¬ 
ated  with  specific  DNA  sequences  in  response  to  tran¬ 
scriptional  initiation  by  the  ChIP  assay  [2]. 

When  determining  the  optimal  conditions  for  form¬ 
aldehyde  crosslinking,  it  is  important  to  consider  that  as 
the  time  of  formaldehyde  crosslinking  increases,  soluble 
cellular  components  become  more  insoluble  as  they  are 
crosslinked  to  one  another  and  to  the  insoluble  cellular 
material.  Therefore,  extensively  crosslinking  a  cell  may 
decrease  the  solubility  of  any  target  DNA-protein 
complex  by  causing  this  complex  to  become  trapped  in 
the  insoluble  nuclear  material. 


To  determine  the  optimal  conditions  for  formalde¬ 
hyde  crosslinking,  the  extent  to  which  the  DNA  within  a 
cell  is  fragmented  and  the  amount  of  DNA  released  from 
the  insoluble  cell  material  should  be  determined.  But  first 
the  ability  of  formaldehyde  to  crosslink  the  target  pro¬ 
tein  to  DNA  must  be  confirmed.  To  determine  if  a  spe¬ 
cific  protein  is  associated  with  DNA  in  situ  the  following 
protocol  can  be  used.  Crosslinked  cells  are  suspended  in 
lysis  buffer  B  containing  5  M  urea,  2  M  NaCl,  2  M 
guanidine  hydrochloride,  and  200  mM  potassium  phos¬ 
phate  (pH  7.5).  Preequilibrated  hydroxyapatite  is  then 
added  to  the  lysate  to  bind  the  DNA,  and  all  unbound 
proteins  are  removed  by  washing  the  hydroxyapatite 
several  times  with  lysis  buffer  B.  Finally,  the  protein- 
DNA  crosslinks  are  reversed  by  incubating  the  hy¬ 
droxyapatite  resin  at  65  °C  for  6  h,  and  the  released 
proteins  analyzed  by  SDS-PAGE.  Proteins  of  low 
abundance  should  be  analyzed  by  Western  blotting.  For 
a  more  detailed  description  of  this  protocol  refer  to  [1 1]. 

The  extent  of  sonication  is  determined  simply  by 
isolating  the  DNA  from  formaldehyde-treated  cells  and 
analyzing  the  size  of  the  DNA  fragments  on  a  gel  (see 
Section  2.1.2).  The  amount  of  DNA  released  from  the 
cellular  material  of  a  crosslinked  cell  is  determined  by 
reading  the  A200  of  the  cell  lysate,  centrifuging  the  cell 
lysate,  and  reading  the  ^260  of  the  supernatant.  The  ^260 
of  the  supernatant  is  then  divided  by  the  A260  of  the  cell 
lysate  and  this  resulting  value  is  multiplied  by  100  to 
determine  the  percentage  of  DNA  released  from  the 
cellular  material.  For  a  more  detailed  description  refer 
to  [11]. 

3.4.  Alternative  crosslinking  agents 

The  current  view  of  the  loading  and  clearance  of 
transcription  factors  onto  promoters  is  based  on  our 
interpretation  of  ChIP  assays  using  formaldehyde.  As 
was  previously  mentioned,  formaldehyde  crosslinks 
protein  to  DNA,  RNA,  or  protein  [7-9].  Thus,  when 
formaldehyde  is  used,  the  indirect  association  of  a  spe¬ 
cific  protein  with  a  particular  DNA  sequence  may  be 
mistaken  for  a  direct  association.  To  avoid  this,  an  al¬ 
ternative  crosslinker  should  be  used  that  crosslinks  only 
proteins  directly  associated  with  DNA. 

Cisplatin  crosslinks  proteins  to  DNA  but  not  protein 
to  protein.  The  crosslinking  distance  of  cisplatin  (4  A)  is 
double  that  of  formaldehyde  (2  A).  Furthermore,  cis¬ 
platin  crosslinks  predominantly  nuclear  matrix  proteins 
to  DNA  [12],  while  it  does  not  crosslink  histones  to 
DNA  to  a  significant  extent  [13,14].  The  nuclear  matrix 
is  the  site  of  many  nuclear  processes.  Therefore,  cisplatin 
would  be  a  useful  reagent  for  studying  the  involvement 
of  specific  DNA-associated  nuclear  matrix  proteins  in 
these  nuclear  processes  [15]. 

Cisplatin  is  a  dusty  and  highly  toxic  substance  that 
has  the  potential  to  cause  cancer  and  heritable  genetic 
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damage.  This  agent  should  be  stored  in  a  cool  dry  place 
and  in  a  tightly  closed  bottle.  Cisplatin  should  be  used 
only  in  a  chemical  fume  hood  in  combination  with  a 
respirator  to  avoid  dust  inhalation.  Direct  contact  with 
this  agent  should  also  be  avoided  by  wearing  chemical- 
resistant  gloves,  safety  goggles,  and  other  protective 
clothing  such  as  a  lab  coat. 

If  one  were  to  use  cisplatin  to  crosslink  DNA  to  its 
associated  proteins,  the  cells  would  be  incubated  with 
cisplatin  using  our  established  protocol  [16].  Our  stan¬ 
dard  crosslinking  condition  is  1  mM  cisplatin  for  2  h  at 
37  °C.  Apoptosis  is  not  observed  under  these  conditions 
[17].  However,  the  time  and  concentration  of  cisplatin 
treatment  can  vary  from  30  to  120  min  and  0.3  to 
ImM,  depending  on  the  extent  of  cisplatin-induced 
interstrand  DNA  crosslinks  and  the  ability  of  cisplatin 
to  efficiently  crosslink  a  specific  protein  to  DNA  [17]. 
Note  that  intrastrand  DNA  crosslinks  are  far  more 
prevalent  than  interstrand  crosslinks  [18].  Intrastrand 
crosslinks  can  be  readily  reversed,  but  breaking  inter¬ 
strand  crosslinks  is  difficult.  Protein-DNA  crosslinks 
are  reversed  with  thiourea  [16],  and  platinated  adducts 
(intrastrand  crosslinks)  can  be  removed  by  treatment 
with  NaCN  [18,19].  However,  in  some  cases,  intra¬ 
strand  crosslinks  may  not  be  problematic  and  treatment 
with  NaCN  may  not  be  needed  [20].  The  treatment  of 
platinated  DNA  with  the  cyanide  ion  does  not  cleave 
DNA  [18]. 

To  determine  if  cisplatin  is  capable  of  crosslinking  a 
specific  protein  to  DNA,  cells  are  incubated  with  cis¬ 
platin  in  the  absence  of  NaCl  and  lysed  in  5  M  urea,  2  M 
NaCl,  2  M  guanidine  hydrochloride,  and  200  mM  po¬ 
tassium  phosphate  (pH  7.5).  The  cell  lysate  is  then  in¬ 
cubated  with  hydroxyapatite  resin  as  previously 
described  in  Section  3,3.  The  resin  is  washed  several 
times  and  the  crosslinks  are  reversed  by  incubating  the 
protein-DNA  complexes  in  a  reverse  lysis  buffer  con¬ 
taining  1  M  thiourea,  5  M  urea,  2  M  guanidine  hydro¬ 
chloride,  and  200 mM  potassium  phosphate  (pH  7.5), 
Following  this,  the  released  proteins  are  isolated  and 
analyzed  by  either  SDS-PAGE  or  Western  blotting. 
Once  cisplatin  has  been  shown  to  crosslink  a  protein  of 
interest  to  DNA  and  the  optimal  concentration  for  this 
reagent  has  been  determined,  parameters  such  as  soni- 
cation  efficiency  and  DNA  solubility  after  sonication 
can  be  determined  as  previously  described  (see  Section 
3.3). 

3.5.  Determining  the  type  and  amount  of  protein-Sepha- 
rose  to  use 

Whether  one  chooses  protein  A  or  G  to  isolate 
antibody-antigen  complexes  depends  on  the  nature  of 
the  primary  antibody.  The  antibodies  produced  in 
rabbits  have  an  equal  binding  affinity  for  protein  A 
and  G  while  goat  antibodies,  which  bind  both  pro¬ 


tein  A  and  protein  G,  display  a  preference  for  pro¬ 
tein  G.  When  an  antibody  is  capable  of  binding  to 
both  proteins  A  and  G,  one  can  add  a  50:50  (v/v) 
resin  slurry  containing  both  protein  A-  and  protein 
G-Sepharose  in  an  equal  molar  ratio  to  improve  the 
yield  of  immunoprecipitated  antibody-antigen  com¬ 
plexes,  However,  in  most  cases,  a  50:50  (v/v)  slurry 
containing  only  one  type  of  resin  is  added.  The 
quality  of  Protein  A-  and  protein  G-Sepharoses  also 
varies  between  companies.  Thus,  different  company 
brands  should  always  be  tested  before  starting  the 
Chip  protocol. 

Once  the  quality  of  the  antibody  and  the  crosslinking 
conditions  have  been  determined,  the  amount  of  protein 
A/G  necessary  for  capturing  the  primary  antibody  must 
be  determined.  This  is  accomplished  by  aliquoting  the 
buffer  (1 X  RIPA  or  dilution  buffer)  used  to  dilute  the 
cell  lysate  to  2  T260  units/ml  into  several  microcentrifuge 
tubes  and  adding  the  predetermined  optimal  amount  of 
primary  antibody  to  this  buffer  (see  Section  3.1).  Dif¬ 
ferent  amounts  of  50:50  protein  A/G  slurry  (i.e.,  20,  40, 
50,  and  60  pi)  are  added  to  each  tube  and  the  sample  is 
incubated  for  2  h.  The  samples  are  then  centrifuged  at 
3000  rpm  in  a  microcentrifuge  tube  for  3  min  and  the 
supernatant  is  transferred  to  a  fresh  tube.  An  aliquot  of 
the  supernatant  from  each  tube  is  collected,  transferred 
to  its  respective  tube,  supplemented  with  SDS  loading 
buffer,  and  boiled  for  3  min.  The  sample  is  then  elec- 
trophoresed  on  to  a  SDS  gel  and  transferred  to  nitro¬ 
cellulose  membrane.  The  primary  antibody  has  already 
been  added  to  the  samples  and,  therefore,  is  immobilized 
on  the  membrane.  Because  of  this,  the  membrane  is 
immunoblotted  only  with  secondary  antibody  to  ulti¬ 
mately  visualize  the  progressive  decrease  in  unbound 
primary  antibody  with  increasing  amounts  of  protein  A/ 
G-Sepharose. 

3.6.  Sonication  efficiency 

The  extent  to  which  one  can  fine-map  the  location  of 
a  specific  protein  along  a  gene  depends  on  the  extent  of 
DNA  fragmentation.  For  example,  when  studying  the 
association  of  a  specific  protein  with  a  200-bp  region  of 
DNA,  and  the  genomic  DNA  is  sonicated  to  an  aver¬ 
age  size  of  500  bp,  one  should  consider  that  a  total  of 
300  bp  of  DNA  sequence  adjacent  to  the  target  DNA 
region  will  be  immunoprecipitated  alongside  the  target 
DNA  sequence  in  the  ChIP  assay.  Thus,  the  amplifi¬ 
cation  of  this  200-bp  region  from  ChIP  DNA  would 
suggest  that  the  target  immunoprecipitated  protein  is 
associated  either  within  this  200-bp  region  or  within  a 
region  up  to  300  bp  away  from  this  target  sequence. 
For  further  explanation  about  this  concept,  refer 
to  [21]. 

Besides  the  extent  of  crosslinking,  the  volume  of  a 
sample  and  the  depth  to  which  the  sonication  probe  is 
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placed  in  the  sample  affect  the  efficiency  of  sonication. 
During  sonication,  the  sample  volume  should  not  exceed 
1  ml  and  the  sonicator  probe  should  be  placed  approx¬ 
imately  1  cm  deep  into  the  sample.  Smaller  sample 
volumes  of  400-500  pi  are  more  ideal  to  use.  However, 
as  the  sample  volume  decreases  it  becomes  more  difficult 
to  place  the  sonicator  probe  1  cm  deep  into  the  sample. 
To  increase  the  depth  of  a  sample,  the  sonicated  cell 
lysate  is  transferred  to  a  microcentrifuge  tube.  In  the 
Chip  assay,  the  cell  lysate  contains  SDS.  Therefore, 
positioning  the  sonicator  probe  too  close  to  the  sample 
surface  tends  to  cause  foaming,  which  decreases  the  ef- 
ficency  of  sonication.  Cooling  the  sample  between  son¬ 
ication  pulses  and  placing  the  sample  in  an  ice  water 
bath  during  sonication  decrease  the  incidence  of  foam¬ 
ing.  As  well,  the  chance  of  sample  foaming  is  greatly 
reduced  when  the  output  energy  emitted  from  the 
sonicator  probe  is  decreased. 


4.  Conclusion 

The  Chip  protocol  is  a  very  useful  procedure  for 
studying  transcription  factor  binding  and  alterations  in 
chromatin  structure.  Although  it  appears  to  be  simple, 
the  Chip  protocol  can  sometimes  be  a  complicated 
procedure.  The  quality  of  the  primary  antibody,  the 
degree  of  sample  sonication,  the  amount  of  protein  A/ 
G-Sepharose,  and  the  types  of  salt  and/or  detergent 
washes  can  all  make  a  difference  in  accurately  deter¬ 
mining  the  distribution  of  a  protein  along  a  specific 
DNA  sequence.  However,  provided  that  the  appropriate 
controls  are  used,  the  ChIP  protocol  can  serve  as  a 
valuable  tool  for  studying  nuclear  events  involved  in  the 
processing  of  DNA. 
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Appendix  A:  Recipes 


lx  RIP  A  buffer 

0.1%  SDS 

1  ml  10% 

0.1%  sodium 

0.1  g 

deoxycholate 

1%  Triton  X-100 

1  ml  100% 

1  mM  EDTA 

400  pi  250  mM 

0.5  mM  EGTA 

200  pi  250  mM 

140  mM  NaCl 

3.5  ml  4M 

10  mM  Tris-HCl,  pH  8 

1ml  IMto  100ml 
with  double-distilled 
H2O 

lx  RIPA  +  1 M  NaCl 

RIPA  buffer 

50ml  2x 

NaCl 

5.844  g  to  100  ml  with 
double-distilled  H2O 

Lysis  buffer  A 

1%  SDS 

10ml  10% 

lOmM  EDTA 

4  ml  250  mM 

50  mM  Tris-HCl,  pH  8 

5ml  IM  to  100ml 
with  double-distilled 
H2O 

Lysis  buffer  B 

5  M  urea 

150g 

2  M  guanidine 

95.5g 

hydrochloride 

2M  NaCl 

58.5g 

200  mM  KH2PO4 

16ml  1 M 

200  mM  K2HPO4 

84  ml  1  M 
to  500  ml  with 
double-distilled  H2O 

Reverse  lysis  buffer 

1  M  thiourea 

3.8g 

2M  guanidine 

9.55  g 

hydrochloride 

2M  NaCl 

5.85  g 

200  mM  KH2PO4 

1.6  ml  1  M 

200  mM  K2HPO4 

8.4ml  IM  to  100  ml 
with  double-distilled 
H2O 

Dilution  buffer 

0.01%  SDS 

100  pi  10% 

1.1%  Triton  X-100 

1.1ml  100% 

1.2  mM  EDTA 

480  pi  250  M 

16.7  mM  Tris-HCl, 

1.67  ml  1 M 

pH  8 

167mMNaCl 

4.18ml  4M  to  100ml 
with  double-distilled 
H2O 

Low  salt  buffer 

0.1%  SDS 

1  ml  10% 
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Appendix  A  {continued) 


1%  Triton  X-100 

Iml  100% 

2mM  EDTA 

800  pi  250  mM 

20  mM  Tris-HCl,  pH  8 

2ml  1 M 

150mM  NaCl 

3.75  ml  4M  to  100ml 
with  double-distilled 
H2O 

High  salt  buffer 

0.1%  SDS 

1ml  10% 

1%  Triton  X-100 

1  ml  100% 

2mM  EDTA 

800  pi  250  mM 

20  mM  Tris-HCI,  pH  8 

2ml  IM 

500  mM  NaCl 

12.5  ml  4M  to  100  ml 
with  double-distilled 
H2O 

LiCl  buffer 

0.25MLiCl 

6.25  ml  4  M 

1%  Nonidet  P-40 

1  ml  100% 

1%  SDC 

Ig 

1  mM  EDTA 

400  pi  250  mM 

10  mM  Tris-HCl,  pH  8 

1ml  1 M  to  100ml 
with  double-distilled 
H2O 

TE  buffer,  pH  8 

20  mM  Tris-HCl,  pH  8 

2ml  IM 

1  mM  EDTA,  pH  8 

400  pi  250  mM  to 

100  ml  with 
double-distilled  H2O 

1.5%)  SDS  elution  buffer 

1.5  g  SDS  in  100  ml  double-distilled  H2O 

0.5%  SDS  elution  buffer 
0.5  g  SDS  in  100  ml  double-distilled  H2O 
1%  SDS  elution  buffer  with  NaHCo^ 

IgSDS 

0.84  g  0.1  M  NaHCo3  to  100  ml  with 
double-distilled  H2O 
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Inhibition  of  Histone  Deacetyiase  Activity  by  Butyrate^ 

James  R.  Davie® 

Manitoba  Institute  of  Cell  Biology,  Winnipeg,  Manitoba,  Canada 


ABSTRACT  This  article  reviews  the  effects  of  the  short-chain  fatty  acid  butyrate  on  histone  deacetyiase  (HDAC) 
activity.  Sodium  butyrate  has  multiple  effects  on  cultured  mammalian  cells  that  include  inhibition  of  proliferation, 
induction  of  differentiation  and  induction  or  repression  of  gene  expression.  The  observation  that  butyrate  treatment  of 
cells  results  in  histone  hyperacetylation  initiated  a  flurry  of  activity  that  led  to  the  discovery  that  butyrate  inhibits 
HDAC  activity.  Butyrate  has  been  an  essential  agent  for  determining  the  role  of  histone  acetylation  in  chromatin 
structure  and  function.  Interestingly,  inhibition  of  HDAC  activity  affects  the  expression  of  only  2%  of  mammalian 
genes.  Promoters  of  butyrate-responsive  genes  have  butyrate  response  elements,  and  the  action  of  butyrate  is  often 
mediated  through  Sp1/Sp3  binding  sites  (e.g.,  p2i wafi/cipij  demonstrated  that  Sp1  and  Sp3  recruit  HDAC1  and 
HDAC2,  with  the  latter  being  phosphorylated  by  protein  kinase  CK2.  A  model  is  proposed  in  which  inhibition  of  Sp1/ 
Sp3-associated  HDAC  activity  leads  to  histone  hyperacetylation  and  transcriptional  activation  of  the 
gene;  inhibits  cyclin-dependent  kinase  2  activity  and  thereby  arrests  cell  cycling.  Pending  the  cell 

background,  the  nonproliferating  cells  may  enter  differentiation  or  apoptotic  pathways.  The  potential  of  butyrate  and 
HDAC  inhibitors  in  the  prevention  and  treatment  of  cancer  is  presented.  J.  Nutr.  133:  2485S-2493S,  2003. 

KEYWORDS:  •  sodium  butyrate  •  histone  deacetyiase  •  •  histone  acetylation  •  gene 


expression  •  Spl  •  Sp3 

Butyrate  is  a  short-chain  fatty  acid  that  is  produced  by  an¬ 
aerobic  bacterial  fermentation  of  dietary  fibers.  It  was  suggested 
(1,2)  that  butyrate  may  inhibit  the  development  of  colon 
cancer.  This  article  reviews  the  action  of  butyrate  in  altering 
gene  expression  and  arresting  cell  proliferation  by  inhibition 
of  the  chromatin-remodeling  activity  of  histone  deace tylases 
(HDAC).'* 

MATERIALS  AND  METHODS 

Cell  culture 

Human  breast  cancer  cell  lines  MCF-7  (T5)  [estrogen-receptor 
(ER)  positive  and  estrogen  dependent]  and  MDA  MB  231  (ER 


^  Published  in  a  supplement  to  The  Journal  of  Nutrition.  Presented  at  the 
“Nutritional  Genomics  and  Proteomics  in  Cancer  Prevention  Conference”  held 
September  5-6,  2002,  In  Bethesda,  MD.  This  meeting  was  sponsored  by  the 
Center  for  Cancer  Research,  National  Cancer  institute;  Division  of  Cancer 
Prevention,  National  Cancer  Institute;  National  Center  for  Complementary  and 
Alternative  Medicine,  National  Institutes  of  Health;  Office  of  Dietary  Supplements, 
National  Institutes  of  Health;  Office  of  Rare  Diseases,  National  Institutes  of  Health; 
and  the  American  Society  for  Nutritional  Sciences.  Guest  editors  for  the 
supplement  were  Young  S.  Kim  and  John  A.  Milner,  Nutritional  Science  Research 
Group,  Division  of  Cancer  Prevention,  National  Cancer  Institute,  Bethesda,  MD. 

®This  research  was  supported  by  the  U.S.  Army  Medical  and  Materiel 
Command  Breast  Cancer  Research  Program  (grant  DAMD17-00-1-0319),  the 
Canadian  Institutes  of  Health  Research  (grants  MT‘9186  and  RGP-15183), 
National  Cancer  Institute  of  Canada  with  funds  from  the  Canadian  Cancer  Society, 
and  CancerCare  Manitoba  Foundation,  Inc. 

®To  whom  correspondence  should  be  addressed.  E-mail:  davie@cc. 
umanitoba.ca. 

^Abbreviations  used:  AUT,  acetic  acid-urea-Triton  X-100;  Cdk,  cyclin- 
dependent  kinase;  ER,  estrogen  receptor;  HAT,  histone  acelyltransferase;  HDAC, 
histone  deacetyiase;  NuRD,  nucleosome-remodeling  histone  deacetyiase  com¬ 
plex;  Rb,  retinoblastoma  protein;  TSA,  trichostatin  A. 


negative  and  estrogen  independent)  were  cultured  as  described  pre¬ 
viously  (3). 


Pulse^chase  labeling  cells  for  analyses  of  histone 
acetylation  rates 

Human  breast  cancer  cells  and  avian  immature  erythrocytes  were 
pulse-labeled  with  [^H]  acetate  and  subsequently  incubated  in  the  ab¬ 
sence  of  radiolabel  and  with  sodium  butyrate  (10  mmol/L)  as  described 
previously  (3,4).  Rates  of  histone  acetylation  were  determined  as  pre¬ 
viously  described  (5,6). 


Immunoprecipitation 

The  following  is  an  efficient  method  to  solubilize  nuclear  proteins. 
MCF-7  (T5)  human  breast  cancer  cells  were  lysed  in  immunoprecip¬ 
itation  buffer  (50  mmol  Tris-HCl/L,  pH  8.0,  150  mmol  NaCI/L,  0.5% 
Nonidet  P-40  and  1  mmol  EDTA/L)  that  contained  1  mmol  phenyl- 
methylsulfonyl  fluorid/L,  phosphatase  inhibitors  and  protease-inhibitor 
cocktail.  The  cells  were  sonicated  twice  for  15  s.  Tlie  cell  lysate  was 
collected  by  centrifugation  at  10,000  X  g  for  10  min  and  incubated 
with  anti-HDACl,  anti'HDAC2,  anti-Spl  or  anti-Sp3  antibodies  for 
16  h  at  rC  (7). 


Sequential  immunoprecipitations 

Sequential  immunoprecipitations  were  done  as  previously  de¬ 
scribed  (7).  Briefly,  cell  lysates  were  incubated  with  anti-Spl  anti¬ 
bodies.  The  immunoprecipitated  and  immunodepleted  (supernatant) 
fractions  were  collected.  Secondary  immunoprecipitations  were  per¬ 
formed  with  the  Spl -immunodepleted  (supernatant)  fraction  and  anti- 
Sp3  antibodies,  and  the  immunoprecipitated  and  immunodepleted 
fractions  were  collected. 
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RESULTS 

Effects  of  butyrate  on  cell  proliferation  and  HDAC 

In  the  mid-1970s  several  research  groups  reported  that 
sodium  butyrate  halts  DNA  synthesis,  arrests  cell  proliferation, 
alters  cell  morphology  and  increases  or  decreases  gene  ex¬ 
pression  (8).  Treatment  of  erythroleukemic  cells  with  butyrate 
was  shown  to  be  very  effective  in  inducing  differentiation  in 
these  cells  (9).  A  turning  point  in  understanding  the  mecha¬ 
nism  of  butyrate  action  was  the  observation  by  Ingram  and 
colleagues  (10)  that  butyrate  increased  the  level  of  acetylated 
histones  in  cultured  HeLa  and  Friend  erythroleukemic  cells. 
Several  chromatin  investigators  interested  in  histone  acetyla¬ 
tion  r^ognized  that  to  increase  histone  acetylation,  either  the 
activity  of  histone  acetyltransferases  (HAT)  was  increased,  or 
conversely,  the  activity  of  HDAC  was  inhibited.  The  latter, 
inhibition  of  HDAC  activity,  was  found  to  be  the  mode  of 
butyrate  action  (11-14). 


Histone  acetylation:  a  dynamic  process  that  regulates 
chromatin  structure 

HDAC  catalyzes  the  removal  of  acetate  from  modified  lysine 
residues  located  in  the  N-terminal  tail  region  of  the  core  his¬ 
tones  H2A,  H2B,  H3  and  H4  (Fig.  lA).  These  core  histones 
form  a  histone  octamer  around  which  is  wrapped  146  bp  of 
DNA.  The  four  core  histones  have  a  similar  structure  that 
consists  of  a  basic  N-terminal  domain,  a  central  his  tone -fold 
domain  (which  mediates  histone-histone  and  histone-DNA 
interactions)  and  a  C- terminal  tail  (15).  The  crystal  structure  of 
the  nucleosome  shows  that  the  N-terminal  tails  emanate  from 
the  nucleosome  in  all  directions  (Fig.  IB)  ^6).  Reversible 
acetylation  occurs  on  specific  lysines  that  are  located  in  the 
N-terminal  tail  domains  of  the  core  histones  (Fig.  lA).  With 
the  exception  of  H2A,  the  core  histones  are  acetylated  at  four 
or  five  sites;  thus  a  nucleosome  has  potentially  28  or  more  sites 
of  acetylation.  In  addition  to  acetylation,  the  core  histones  are 
modified  by  methylation,  phosphorylation  and  ubiquitination 
(17). 

Although  we  have  known  since  the  1960s  that  histone 
acetylation  has  a  role  in  chromatin  structure  and  function,  we 
still  know  little  about  what  this  modification  does  to  remodel 
chromatin  structure  (18).  However,  one  function  of  histone 
acetylation  is  to  alter  the  compaction  of  chromatin.  Acetylation 
of  the  histone  tails  disrupts  higher-order  chromatin  folding  (19) 
and  promotes  the  solubility  of  chromatin  at  physiological  ionic 
strength  (20).  Nucleosomes  do  not  have  to  be  maximally  ace¬ 
tylated  to  prevent  chromatin  compaction.  Hansen  and  col¬ 
leagues  (21)  demonstrated  that  acetylation  to  46%  of  maximal 
site  occupancy  is  sufficient  to  prevent  higher-order  folding  and 
stimulation  of  transcription  by  RNA  polymerase  III.  It  was 
proposed  (22,23)  that  acetylation  of  core  histone  tails  interferes 
with  interactions  with  proteins  and/or  DNA  and  thereby 
destabilizes  higher-order  chromatin  organization.  These  com¬ 
bined  effects  of  histone  acetylation  on  the  destabilization  of 
chromatin  structure  facilitate  transcription  (21,24)  (Fig.  1C). 

Enzymes  catalyze  dynamic  histone  acetylation 

The  steady  state  of  acetylated  histones  in  a  eukaryotic  cell 
and  at  a  specific  gene  locus  is  governed  by  the  net  activities  of 
histone  acetyltransferases  (HATs)  and  HDAC  (Fig.  2).  HATs 
often  have  transcriptional  coactivator  activity  and  when  re¬ 
cruited  to  a  gene  promoter  by  a  transcription  factor  will  increase 
the  level  of  acetylated  histones  and  enhance  transcriptional 
activity  of  the  promoter  (17,25).  The  most  potent  HAT  in 
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FIGURE  1  (yA)  Sites  of  postsynthetic  modifications  on  the  core 
histones.  Structures  of  the  core  histones  H2A,  H2B,  H3  and  H4  and  the 
sites  of  modification  are  indicated.  Modifications  shown  are  acetylation 
(Ac),  phosphorylation  (P),  ubiquitination  (Ub)  and  methylation  (Me), 
Enzymes  that  catalyze  reversible  acetylation  and  phosphorylation  are 
also  shown.  (6)  Crystal  structure  of  the  nucleosome  [adapted  with 
permission  frorn  Dr.  Timothy  Richmond  (15)].  (C)  Chromatin  fibers 
bearing  unmodified  tails  interact;  however,  these  interactions  are 
disfavored  when  the  tails  are  modified.  HAT,  histone  acetyltransferase; 
HDAC,  histone  deacetylase. 


mammalian  cells  are  the  following  (17,26):  cAMP  response- 
element  binding  protein  (CREB)  binding  protein  (CBP),  p300, 
p300/CREB  binding  protein-associated  factor  (PCAF)  and  HIV 
Tat  interactive  60-kDa  protein  (Tip60).  Steroid  receptor 
coactivators  1  and  3  (SRC-1  and  -3,  respectively)  are  HATs 
recruited  by  steroid  receptors  (17). 


•  Potent  HATs  •  Weak  HATs 

“  CBP  -  SRC1 

-  p300  .  SRC3 

-  PCAF 

-  Tip60 

Histone  Acetyltransferase 
Acetyl  CoA  (HAT)  CoA 


ER,  p53  Histone  Deacetylase  (HDAC) 


GATA,  Sp3 

•  Class  1  HDACs 

•  Class  II  HDACs 

•  Gass  III  HDACs 
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-  HDAC1 
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-  HDAC3 

-  HDAC8 
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FIGURE  2  Dynamic  histone  acetylation  is  catalyzed  by  HAT  and 
HDAC. 
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FIGURE  3  Effects  of  sodium  butyrate  on  dynamic 
histone  acetylation  in  MDA  MB  231  human  breast  cancer  cells 
and  avian  immature  erythrocytes,  MDA  MB  231  cells  were 
pulse-labeled  with  pH]acetate  for  15  min  and  then  chased  for 
0-240  min  In  the  presence  of  10  mmol  sodium  butyrate/L. 
Histones  were  resolved  by  acetic-acid  urea-Triton  X-1 00  poly¬ 
acrylamide  gel  eletrophoresis  (AUT-PAGE;  60  /tg  of  protein/ 
lane).  The  Coomassie  blue-stained  gel  (S,  left  panel)  and 
accompanying  fluorogram  (F.  right  panel)  are  shown.  The  two 
lanes  at  far  right  contained  histones  from  avian  immature 
erythrocytes  that  were  pulse-labeled  with  pH]acetate  for  15 
min  and  chased  for  60  min  in  the  presence  of  10  mmol  sodium 
butyrate/L.  The  acetylated  species  of  H4  are  denoted  numeric¬ 
ally  as  0, 1 , 2, 3  and  4,  which  represent  the  un-,  mono-,  di-,  tri- 
and  tetra-acetylated  species,  respectively  (3).  (J.  Biol.  Chem. 
276: 49435-49442,  with  permission,) 


Three  classes  of  HD  AC  are  known.  Class  I HDAC  consist  of 
the  mammalian  HDACl,  -2  (mammalian  homolog  of  yeast 
RPD3),  '3  and  -8.  Class  II  HDAC  include  mammalian 
HDAC4,  '5,  ^6,  <7,  ^9  and  40  (27-32).  Class  III  HDAC  are 
members  of  the  sirtuin  family  of  HDAC,  among  which  yeast 
Sir2  is  the  founding  member  (30) . 

Butyrate  inhibits  most  HDAC  except  class  III  HDAC  and 
class  II  HDAC6  and  -10.  During  inhibition  of  HDAC  activity, 
HAT  activity  continues,  which  results  in  histone  hyperacetyl¬ 
ation.  Histones,  however,  are  not  the  only  substrates  of  these 
enzymes.  High-mobility  group  proteins  are  acetylated.  This 
modification  has  a  wide  range  of  effects  on  the  function  of  the 
high-mobility  group  proteins  in  remodeling  chromatin  structure 
and  regulating  gene  expression  (33-35).  Multiple  transcription 
factors  are  acetylated  (36)  (Fig.  2).  Acetylation  of  a  transcrip¬ 
tion  factor  may  alter  its  properties  (37).  For  example,  CBP 
acetylates  p53  and  GATA-1  and  potentiates  the  activities  of 
these  transcription  factors  (36,38). 

Dynamic  histone  acetylation:  rates  of  acetylation 
and  deacetylation 

Histone  acetylation  is  a  dynamic  process  that  occurs  at  dif¬ 
ferent  rates.  In  mammalian  cells,  one  population  of  core  his¬ 
tones  is  characterized  by  rapid  hyperacetylation  and  rapid 
deacetylation  (t  1/2  =  3-7  min).  This  highly  dynamic  acetyl- 
ation-deacetylation  process  is  limited  to  10-15%  of  the  core 
histones  (3).  A  second  population  is  acetylated  and  deacetyl- 
ated  at  a  slower  rate  (ti/2  =  30  min)  (39).  Approximately  60- 
70%  of  the  histones  of  cultured  mammalian  cells  participate  in 
reversible  acetylation.  The  remiiinder  of  the  histones  is  “frozen” 
in  low-  or  nonacetylated  states  (25). 

Incubation  of  human  breast  cancer  cells  (MDA  MB  231) 
with  sodium  butyrate  for  2  h  has  a  major  impact  on  the  steady- 
state  levels  of  acetylated  histones  (see  acetylated  H4  levels  in 
Fig.  3) .  Histones  were  electrophoretically  resolved  on  an  acetic 
acid-urea-Triton  X-1 00  (AUT)  15%  polyacrylamide  gel,  which 
resolves  histones  according  to  size,  charge  and  hydrophobicity. 
Thus,  this  gel  system  is  ideal  for  separating  modified  histones 
and  histone  variants.  For  example,  H3  has  three  variants  (H3.1, 
H3.2  and  H3.3)  that  are  resolved  with  this  gel  system  (40). 

To  study  the  fast  rate  of  histone  acetylation,  cells  were  pulse- 
labeled  with  [^HJacetate  for  15  min,  the  label  was  removed  and 
the  cells  were  incubated  with  sodium  butyrate  to  drive  the 
dynamically  acetylated  histones  into  highly  acetylated  isoforms 
(Fig.  3,  fluorogram).  The  fluorogram  clearly  shows  the  move¬ 


ment  of  the  label  in  H4,  H2B  and  H3  moving  into  the  highly 
acetylated  isoforms. 

In  contrast  with  mammalian  cells  in  culture,  only  2%  of  the 
histones  in  terminally  differentiated  avian  immature  erythro¬ 
cytes  participate  in  dynamic  acetylation.  Also,  only  the  fast  rate 
of  histone  acetylation  is  observed  in  these  cells  (6).  Thus,  a  shift 
in  the  steady  state  of  acetylated  histone  is  not  observed  on  the 


Chase  Time  (min) 

FIGURE  4  Analysis  of  the  rates  of  histone  acetylation  In  MCF-7  (T5) 
human  breast  cancer  cells  that  were  cultured  under  estrogen-replete 
conditions.  MCF-7  (T5)  ceils  were  pulse-labeled  with  pHJacetate  for  15 
min  and  then  chased  for  0-240  min  In  the  presence  of  10  mmol  sodium 
butyrate/L.  Histones  were  resolved  by  AUT-PAGE  (60  pg  of  protein/ 
lane).  Proportions  of  total  radiolabeled  H4,  H2B  and  H3  associated  with 
the  monoacetylated  form  were  determined  by  scanning  the  fluorograms. 
Proportion  of  labeled  monoacetylated  isoforms  (H4-Ac1 ,  H3.2-Ac1  and 
H2B-Ac1)  present  in  total  labeled  H4,  H3  and  H2B  at  zero  time  was 
arbitrarily  set  at  100.  The  rapid  rate  of  acetylation  was  determined  using 
the  data  obtained  from  the  0-20  min  butyrate-chase  period,  whereas  the 
slower  rate  of  acetylation  was  determined  using  data  from  the  60-240 
min  butyrate-chase  period  (3).  (J.  Biol.  Chem.  276:  49435-49442,  with 
permission.) 
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stained  AUT  gel  pattern  when  avian  cells  are  incubated  with 
sodium  butyrate  for  1  h.  Pulse-labeling  of  the  cells  with 
[  H]  acetate  for  15  min  followed  by  a  chase  for  60  min  in  the 
presence  of  butyrate  rapidly  drives  the  histones  participating  in 
dynamic  acetylation  into  the  highest  acetylated  isoforms.  The 
dynamically  acetylated  histones  are  limited  to  transcriptionally 
active  and  competent  regions  of  the  avian  erythrocyte  genome 
(41).  In  mammalian  cells,  the  bulk  of  the  dynamically  acetyl¬ 
ated  histones  may  serve  a  surveillance  function  (42). 

By  measurement  of  the  rate  of  loss  of  label  in  the  mono- 
acetylated  histone  isoform  (e.g.,  H4,  H2B  and  H3.2  in  Fig.  3), 
the  rate  of  histone  acetylation  is  determined.  Figure  4  shows 
that  H4,  H3.2  and  H2B  have  two  rates  of  acetylation  in  human 
breast  cancer  cells  [MCF-7  (T5)].  For  H4,  the  fast  rate  of  ace¬ 
tylation  has  a  t\/i  time  of  8  min,  hut  the  slower  rate  of  acetyla¬ 
tion  has  a  tyi  time  of  200-350  min  (3,39). 

But^^ratc;  the  mode  of  action 

Recently,  the  crystal  structure  of  an  HDAC-like  protein 
from  the  hyperthermophilic  bacterium  Aquifex  aeolicus  with  the 
HDAC  inhibitor  trichostatin  A  (TSA;  Fig,  5)  was  reported 
(43).  The  structure  shows  the  position  of  the  essential  zinc 
atom  that  is  involved  in  catalysis  of  class  I  and  II  HDAC. 
HDAC-like  protein  shares  35.2%  similarity  over  a  390-residue 
region  with  mammalian  HDACl;  this  region  constitutes  the 
deacetylase  core.  The  aliphatic  chain  of  TSA  occupies  a  hydro- 
phobic  cleft  on  the  surface  of  the  enzyme  (Fig.  5) .  Possibly  two 
butyrate  molecules  also  could  occupy  the  hydrophobic  pocket 
and  inhibit  the  enzyme.  However,  butyrate  was  found  to  be 
a  noncompetitive  inhibitor  of  HDAC,  which  argues  that 
butyrate  does  not  associate  with  the  substrate-binding  site  (44). 
The  binding  site  and  mechanism  by  which  butyrate  inhibits 
HDAC  activity  remain  unknown. 

HDAC  complexes  and  transcription 

Mammalian  HDACl  and  -2  exist  in  large  multiprotein 
complexes,  Sin3  complex  and  nucleosome-remodeling  histone 
deacetylase  complex  (NuRD;  Fig.  6).  The  Sin3  complex,  which 
has  an  estimated  size  of  1—2  MDa,  contains  mammalian 


(m)Sin3,  Sin3 -associated  proteins  of  18  and  30  kDa  and  reti¬ 
noblastoma-associated  proteins  (RbAp)46  and  -48  (25,30,45, 
46).  The  Sin3  complex  is  directed  to  its  target  chromatin  loca¬ 
tion  by  sequence-specific  DNA  binding  proteins  that  interact 
directly  with  mSin3  and  other  components  of  Sin3  complex. 
Some  examples  of  DNA  binding  proteins  that  recruit  the  Sin3 
complex  include  the  Mad  family  proteins,  unliganded  hormone 
receptors,  methyl  cytosine  guanine  dinucleotide  (CpG)  binding 
protein,  p53,  repressor  element  (RE)-l  silencing  transcription 
factor  and  the  Ikaros  family  proteins  (25,30,46,47). 

The  complex  called  NuRD  is  ~2  MDa  in  size  and  consists 
of  metastasis-associated  protein  2  (which  is  highly  related  to 
metastasis-associated  protein  1),  Mi2,  RbAp46  and  -48  and 
methyl  CpG  binding  domain-containing  protein  3  (MBD3). 
NuRD  has  both  ATP-dependent  chromatin  remodeling  and 
HDAC  activities  (25,30). 

When  ER  are  bound  to  hydroxytamoxifen,  ER  recruit 
nuclear  receptor  corepressor/silencing  mediator  for  retinoic  and 
thyroid  hormone  receptors  and  HDAC  to  the  promoter  of  an 
estrogen-responsive  promoter  and  thereby  repress  promoter 
activity.  However,  when  estradiol  is  bound  to  the  ER,  ER 
recruit  coactivator/HAT  and  chromatin-remodeling  complexes 
to  the  promoter  to  enable  transcription  (48,49).  It  is  important 
to  note  that  the  steady-state  level  of  acetylation  at  a  regulatory 
element  (e.g.,  promoter)  or  along  the  coding  region  of  a  gene  is 
dictated  by  the  balance  of  HAT  and  HDAC  recruited  to  those 
sites.  Because  the  occurrence  of  histone  acetylation  at  trans¬ 
criptionally  active  genes  is  a  dynamic  and  rapid  process,  al¬ 
terations  in  recruitment  of  factors  for  HAT  or  HDAC  quickly 
change  the  balance  of  these  two  activities  toward  increasing  or 
decreasing  the  steady-state  level  of  acetylated  histones.  For 
example,  a  ligand -binding  steroid  receptor  or  a  phosphorylated 
transcription  factor  (e.g.,  nuclear  factor-zcB)  can  be  quickly 
changed  to  recruiting  HDAC  to  HAT  and  vice  versa  (50,51). 

Effects  of  estradiol  on  global  histone  acetylation 
dynamics  in  human  breast  cancer  cells 

This  investigation  is  an  example  of  studies  that  use  sodium 
butyrate  to  determine  histone  acetylation  and  deacetylation 
rates.  In  this  study,  we  investigated  the  effects  of  estradiol  on 


hyperthermophilic  bacterium  Aquifex  aeolicus  HDLP 
with  trichostatin  A 


FIGURE  5  Schematic  representation  of 
histone  deacetylase-!ike  protein  (HDLP, 
gray)  interactions  with  trichostatin  A  (TSA, 
black)  in  the  crystai  structure  of  an  HDAC 
homolog  from  the  hyperthermophilic  bacte¬ 
rium  Aquifex  aeolicus.  HDLP  residues  are 
labeled  in  gray  and  their  counterparts  in 
HDAC1  are  indicated  in  black  [adapted  with 
permission  from  Dr.  Nikola  P,  Pavletich  (43)]. 
Structures  of  TSA  and  butyrate  are  shown. 
(Nature  401: 188-193,  with  permission.) 
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FIGURE  6  HDAC  multiprotein  complexes  are  recruited  to  specific 
genomic  sites  by  regulatory  proteins.  HDAC1  and  HDAC2  together  with 
retinoblastoma-associated  proteins  (RbAp)46  and  -48  are  components  of 
two  large  multiprotein  complexes  [Sin3  and  nucleosome-remodeling 
histone  deacetylase  complex  (NuRD)]  that  contain  mSin3A/B  or 
chromodomain  helicase  DNA  binding  protein  3/-4,  respectively  (25). 


TABLE  2 


Butyrate  response  elements  (55-59^ 


Gene 

Butyrate 

response 

Butyrate  response 
element 

Group  1 

Cyclin  D1 

Repression 

AGCCACCTCCA 

Intestinal  trefoil  factor 

Repression 

. AG . 

Calbindin-D28k 

Induction 

. A.G . 

Metallothionein  IIA 

Induction 

. C...T . 

Group  2 

Galectin  1 

Induction 

Sp1/Sp3  binding  site 

Gai2 

Induction 

Sp1/Sp3  binding  site 

IGF-binding  protein  3 

induction 

Sp1/Sp3  binding  site 

Cdk2  inhibitor 

Induction 

Sp1/Sp3  binding  site 

^  IGF,  insulin-like  growth  factor;  Cdk2,  cyclin-dependent  kinase  2. 


shares  an  Spl/Sp3  binding  site  in  the  butyrate 
response  elements. 


global  dynamic  histone  acetylation  in  hormone -responsive  hu¬ 
man  breast  cancer  cells  (3).  Histone  acetylation-labeling  ex¬ 
periments  and  immunoblot  analyses  of  dynamically  acetylated 
histones  show  that  estradiol  rapidly  increases  histone  acetyl¬ 
ation  in  ER-positive  hormone-dependent  MCF-7  (T5)  human 
breast  cancer  cells.  The  effects  of  estradiol  on  the  rates  of 
histone  acetylation  and  deacetylation  in  MCF-7  (T5)  cells  were 
determined.  Estradiol  increased  the  level  of  acetylated  histones 
by  reducing  the  rate  of  histone  deacetylation,  whereas  the  rates 
of  histone  acetylation  were  not  altered. 

Butyrate  response  element  and  gene  expression 

Studies  reveal  that  among  the  fatty  acids,  butyrate  is  the 
most  effective  in  inhibiting  HDAC  activity  and  arresting  cell 
proliferation  (52).  Butyrate  also  is  the  most  effective  fatty  acid 
in  stimulating  or  repressing  the  expression  of  specific  genes 
(Table  1).  Considering  the  actions  of  butyrate  to  inhibit  HDAC 
activity  and  promote  histone  hyperacetylation  (see  Fig.  3),  it  is 
surprising  to  learn  that  expression  of  only  2%  of  the  mammalian 
genes  is  affected  when  HDAC  activity  is  inhibited  (53,54). 

Within  the  promoter  of  butyrate-responsive  genes  is  found 
a  butyrate  response  element  (55-59).  It  appears  that  these 
butyrate  elements  may  be  separated  into  different  groups  de¬ 
pending  on  the  DNA  sequence  of  the  butyrate  response  ele¬ 
ment  (Table  2) .  One  group  of  genes  that  are  either  induced  or 
repressed  by  butyrate  has  a  common  DNA  sequence  in  the 
butyrate  response  elements,  which  suggests  that  a  common 
transcription  factor  binds  to  this  site.  Another  group,  which 
includes  the  cyclin-dependent  kinase  2  (Cdk2)  inhibitor 


Spl,  Sp3  and  recruitment  of  HDAC 

Spl  and  Sp3  are  ubiquitously  expressed  mammalian  trans¬ 
cription  factors  that  function  as  activators  or  repressors.  Spl 
and  Sp3  bind  with  equivalent  affinity  to  GC  boxes  via  their 
three  zinc  fingers  located  in  the  C-terminal  region  of  the  pro¬ 
tein  (60).  Activation  domains  A  and  B  (Gin-  and  Ser/Thr-rich 
regions,  respectively)  are  located  in  the  N-terminal  part  of 
the  protein,  whereas  the  D  domain,  which  is  found  in  the 
C-terminal  region,  is  involved  in  multimerization  (61,62). 
Synergistic  transcriptional  activation  is  mediated  through  the 
capacity  of  the  Spl  D  domain  to  form  multimers  (61,62). 
Scanning  transmission  electron  microscopy  provides  evidence 
(61)  that  Spl  first  forms  a  tetramer  and  then  assembles  multiple 
stacked  tetramers  at  the  DNA  binding  site.  The  interesting 
feature  of  this  structure  is  that  an  Spl  multimer  presents  several 
interacting  surfaces  to  proteins  that  associate  with  Spl  [e.g., 
p300/CBP,  HDACl,  transcriptional  activator  factor  II  subunits 
of  transcription  factor  IID,  cofactor  required  for  Spl  activation, 
E2F  transcription  factor  1,  and  ER  (63-66)].  The  net  activity 
of  these  factors  to  promote  or  hinder  transcription  depends  on 
the  abundance,  affinity  and  residence  time  of  these  factors  on 
the  Spl  multimer. 

Sp3  has  three  isoforms,  a  long  (L-Sp3)  and  two  short  (Ml- 
and  M2-Sp3)  forms  that  are  the  products  of  differential  trans¬ 
lational  initiation  (67,68).  The  protein  structure  of  L-Sp3  is 
very  similar  to  that  of  Spl  except  that  Sp3  has  a  repression 
domain  located  at  the  N-terminal  to  the  zinc-finger  DNA 
binding  domain  (60).  The  factors  that  regulate  the  translational 
initiation  of  Sp3  mRNA  are  currently  unknown. 


TABLE  1 


Effects  of  fatty  acids  on  mammalian  cells  in  culture  (52) 


No.  of  carbons 
in  fatty  acid 

Effect  on 
fibroblast  growth 
%  control 

Induction  of  alkaline 
phosphatase  (HeLa) 

%  control 

Inhibition  of  estradiol- 
induced  synthesis  of 
transferring  mRNA 

Inhibition  of  histone 
deacetylase 
(calf  thymus) 

C2,  acetate 

82 

170 

18 

10 

C3,  propionate 

45 

160 

77 

60 

C4,  butyrate 

0 

630 

95 

80 

C5,  valeroic 

71 

420 

_ 

65 

C6,  caproate 

— 

120 

— 

30 
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FIGURE  7  Spl  is  not  associated  with  Sp3.  MCF-7  (T5)  cell  lysate 
was  incubated  with  anti-SpI  antibodies,  and  the  immunoprecipitation  (IP, 
lane  2)  and  immunodepletion  (ub,  lane  3)  fractions  were  collected.  The 
immunodepleted  fraction  was  then  incubated  with  antj-Sp3  antibodies, 
which  yielded  IP  (lane  4)  and  ub  (lane  5)  fractions.  Proteins  of  the  cell 
lysate  (lane  1),  IP  and  ub  fractions  were  loaded  onto  a  sodium  dodecyl 
sulfate  (SDS)  10%  polyacrylamide  gel,  transferred  to  nitrocellulose 
membranes  and  immunochemically  stained  with  anti-SpI  and  -Sp3 
antibodies.  Long  (L)  and  short  (Ml  and  M2)  forms  of  Sp3  are  identified 
(7).  (J,  Biol.  Chem.  277:  35783-35786,  with  permission.) 


Although  Spl  and  Sp3  share  a  common  D  domain  that  is 
involved  in  forming  multimers,  we  reported  that  Spl  and  Sp3 
form  separate  complexes  in  estrogen-dependent  human  breast 
cancer  cells  (7).  In  performing  these  studies,  we  wanted  to 
ensure  efficient  solubilization  of  nuclear  proteins,  because  Spl 
and  Sp3  are  tightly  bound  to  the  nucleus  of  MCF-7  (T5)  breast 
cancer  cells  (see  Materials  and  Methods).  Sequential  imrriuno- 
precipitations  were  done  first  with  anti-Spl  antibodies  and  then 
with  anti-Sp3  antibodies  (see  Materials  and  Methods).  Figure  7 
shows  that  Spl  and  Sp3  form  separate  complexes. 

Next,  we  determined  whether  Spl  and  Sp3  were  associated 
with  HD  AC  activity.  A  previous  report  showed  that  Spl  was 
associated  with  HDACl  (64).  Both  Spl  and  Sp3  were  asso¬ 
ciated  with  HD  AC  activity  in  human  breast  cancer  cells  (7).  In 
immunoblot  analyses  of  the  Spl  and  Sp3  immunoprecipitated 
complexes,  we  observed  that  HDACl  and  -2,  but  not  HDAC3, 
were  associated  with  Spl  and  Sp3  (Fig.  8).  However,  it  was 
very  interesting  to  find  a  major  enrichment  of  a  slower 
migrating  HDAC2  species  associating  with  Spl  and  Sp3. 
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FIGURE  8  Spl  and  Sp3  are  associated  with  HDACl  and  HDAC2. 
MCF-7  (T5)  cell  lysate,  IP  and  ID  fractions  were  prepared  as  described  for 
Fig.  7  and  were  loaded  onto  an  SDS  10%  polyacrylamide  gel,  transferred 
to  nitrocellulose  membranes  and  immunochemically  stained  with  anti- 
HDAC1  and  -HDAC2  antibodies.  Arrow  indicates  the  HDAC2  species 
with  reduced  mobility  (7).  (J.  Biol.  Chem.  277:  35783-35786,  with 
permission.) 


Additional  investigation  revealed  that  this  slower  migrating 
species  was  protein  kinase  CK2-phosphorylated  HDAC2 
(7,69).  Alkaline  phosphatase  treatment  of  HDAC2,  Spl  and 
Sp3  complexes  reduced  the  associated  HDAC  activity. 

The  protein  kinase  CK2  is  a  tetramer  that  consists  of  two 
a-  (or  a'-)  and  two  j8-subunits  (70).  In  immunoprecipitation 
experiments,  we  found  that  CK2  was  associated  with  HDAC2 
and  to  a  lesser  extent  with  HDACl  (Fig.  9).  Although  we 
found  that  HDAC2  is  associated  with  MBD3  (a  component  of 
the  NuRD  HDAC  complex)  and  Sin3A  (a  component  of  the 
Sin3  complex;  see  Fig.  6),  it  remains  to  be  determined  whether 
CK2  or  HDAC2  is  associated  with  either  of  these  complexes. 
CK2  is  upregulated  in  several  cancers  including  breast  cancer, 
and  there  is  evidence  that  CK2  may  promote  breast  cancer  by 
deregulating  key  transcription  processes  (71-74). 

A  model  for  butyrate  induction  of  gene 

expression  and  inhibition  of  cell  cycle 

The  promoter  has  six  Spl  binding  sites  (the 

butyrate  response  element) .  Evidence  has  been  presented  that 
Sp3  and  not  Spl  is  associated  with  this  promoter  (75).  Also,  the 


CK2 


&  & 
I  I 


a  a 


& 


1 


a 


smmm  cia  alpha 


HDACl 

MBD3 

Sin3A 


FIGURE  9  HDAC2  is  associated  with 
and  phosphorylated  by  protein  kinase  CK2. 
The  C-terminal  amino  acid  sequences  of 
mammalian  HDACl  and  HDAC2  and  the 
sites  of  protein  kinase  CK2  phosphorylation 
are  shown.  Equal  amounts  of  MCF-7  (T5) 
cell  lysate  were  immunoprecipitated  with 
anti-HDACI ,  -HDAC2  or  -HDAC3  antibodies. 
Immunoprecipitated  samples  and  nuclear 
extracted  protein  (10  fig)  were  loaded  onto 
an  SDS  10%  polyacrylamide  gel,  transferred 
to  a  nitrocellulose  membrane  and  Immuno¬ 
chemically  stained  with  anti-CK2a,  -HDACl , 
-MBD3  and  -Sin3  antibodies  (7).  (J.  Biol. 
Chem.  277:  35783-35786,  with  permission.) 


BUTYRATE  INHIBITION  OF  HISTONE  DEACETYLASES 
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FIGURE  10  Model  for  the  butyrate  induction  of  the  Cdk2  inhibitor  In  the  absence  of  butyrate,  zinc-finger  DNA  binding  protein  89  and 

Sp3/Sp1  recruit  the  p300  and  HDAC1 ,2/CK2  complex,  respectively.  The  steady-state  level  of  histone  acetylation  is  low  and  not  supportive  of  transcription 
{left  panel).  When  butyrate  is  present,  HDAC  activity  is  inhibited,  which  allows  the  histones  to  become  hyperacetylated.  The  modified  chromatin  then 
supports  transcription  {nght  panel). 


Spl'like  protein  zinc^finger  DNA  binding  protein  89  (ZBP-89) 
is  associated  with  one  or  more  of  the  Spl  sites.  ZBP-89  recruits 
p300,  which  is  a  coactivator/HAT  (76).  Thus,  ZBP- 89  would 
recruit  HAT  activity  to  the  promoter,  whereas  Sp3  would 
recruit  HDAC  activity  to  the  promoter  and  result 

in  dynamic  histone  acetylation  (Fig.  10).  The  steady-state  level 
of  acetylated  histones  associated  with  the  pro- 


Growth  Factors 
RTK 

Ras-MAPK 


transient 
activation 
of  ERKs 

G0/G1 


I 


t 


cyclinE-Cdk2 

T 

p21w^imRNA 
and  protein 


cyclin  D1 
mRNA  \ 


ECM 

and 

cytoskeleton 

ERK  independent 

cyclin  E-cdk2 

—  S  phase 


r 

p2iw.fl 


sustained 
activation 
of  ERKs 

Growth  Factors 
ECM 

cytoskeleton 
cell  shape 


/ 


cyclin  D1  Cdk4,6 


Rb-HDAC 
E2F 


\  ^ 


>  pRb 
E2F 


cyclin  Acdk2 

/ 

HDAC  E2F 

/ 

ppRb 


/ 

cyclin  E-cdk2 


FIGURE  11  Induction  of  p2iWafi/cipi  expression  by  transient 
activation  of  extracellular  signal-related  kinase  activity.  Elevated  levels  of 
p2iwafi/cipi  inhibit  cyclin  E“Cdk2  activity  and  promote  the  assembly  of 
stable  cyclin  D1-Cdk4/6  kinase  complexes.  The  gene  is  re¬ 
pressed  and  protein  levels  decline,  which  allows  activation  of 

cyclin  E-Cdk2.  Both  cyclin  D1-Cdk4,6  and  cyclin  E-Cdk2  are  involved  in 
the  phosphorylation  of  Rb  and  the  release  of  E2F,  which  activates  the 
promoters  of  genes  involved  in  progression  through  the  S  phase  of  the 
cell  cycle.  Butyrate  would  induce  expression  of  p2l^®*^'^'P^  and  inhibit 
cyclin  E-Cdk2  activity  and  thereby  arrest  cell  cycle  progression.  ECM, 
extracellular  matrix;  RTK,  receptor  tyrosine  kinase. 


moter  is  low,  which  favors  a  condensed  chromatin  structure 
and  inactive  promoter  (77).  Inhibition  of  HDAC  activity  with 
sodium  butyrate  allows  the  HAT  activity  of  p300  to  increase 
the  histone  acetylation  levels  at  the  promoter  and  nearby 
regions  (77).  Hyperacetylation  of  the  histones  would  support 
chromatin  opening  and  induction  of  gene  ex¬ 

pression. 

In  the  transition  from  the  G1  to  the  S  phase  of  the  cell  cycle, 
p2^Wafi/Cipi  ]^s  a  key  role  (Fig.  11).  Initially,  there  is  an  in¬ 
crease  in  p2 1  ^  expression  after  the  transient  activation 
of  the  extracellular  signal-related  kinase  and  the  Ras  mitogen- 
activated  protein  kinase  pathway  (78).  The 
inhibits  the  activity  of  cyclin  E-Cdk2  kinase  and  promotes 
the  assembly  of  stable  ^clin  Dl*^dk4/6  kinase  complexes 
(79).  Subsequently,  p21^^^^^^P^  gene  egression  is  repressed, 
which  results  in  the  lowering  of  p21^^^'^^*P^  protein  levels  and 
the  activation  of  cyclin  E-Cdk2.  Cyclin  E— Cdk2  activity  is  re¬ 
quired  for  the  final-stage  phosphorylation  of  Rb  and  the  release 
of  the  transcription  factor  E2F,  which  induces  the  expression  of 
genes  that  are  involved  in  taking  cells  through  the  S  phase 
(DNA  synthesis  phase)  of  the  cell  cycle  (25,79-^1).  Butyrate 
induces  expression  of  p21^®^^^^‘p^  and  thereby  inhibits  cyclin 
E“Cdk2  activity  and  halts  the  subsequent  events  that  are  re¬ 
quired  for  cells  to  enter  S  phase.  The  cell  cycle-arrested  cells 
may  differentiate  or  undergo  cell  death  by  apoptosis. 

Butyrate  and  HDAC  inhibitors  in  prevention  and 
treatment  of  cancer 

By  inhibiting  the  HDAC  activity  recruited  to  the  p21^^^^^ 
prompter  by  Spl  or  Sp3,  butyrate  induces  the  expression  of 
p2iwafi/Cipi  thereby  stops  cell  proliferation.  This  is  a  p53- 
independent  process  (82).  Several  studies  (1,2)  suggest  that  the 
production  of  butyrate  in  the  colon  may  be  protective  against 
colon  carcinogenesis.  Current  studies  and  clinical  trials  (83-88) 
strongly  suggest  that  HDAC  inhibitors  such  as  TSA  and  sub- 
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eroylanilide  hydroxamic  acid,  which  also  induce 
expression,  are  effective  in  arresting  cancer  cell  proliferation 
and  lead  to  cells  undergoing  differentiation  (as  in  acute  promelo^ 
cytic  anemia)  or  apoptosis.  These  new  strategies  for  prevention 
and  treatment  of  cancer  have  been  termed  "gene-regulating 
chemoprevention,”  “gene-regulating  chemotherapy”  and  “trans¬ 
cription  therapy”  (88,89).  No  matter  which  term  wins  the  day, 
these  are  exciting  times  for  the  dietary  micronutrient  buty¬ 
rate  and  HD  AC  inhibitors  in  the  challenge  of  preventing  and 
treating  cancer. 
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Abstract  The  process  of  transcription  unfolds  the  nucleosome.  The  unfolded  nucleosome  structure  will  be 
maintained  as  long  as  the  histones  are  in  a  highly  acetylated  state.  Typically  the  cysteine  residue  at  position  1 10  of 
histone  H3  is  buried  in  the  interior  of  the  nucleosome.  However,  the  transcribed  unfolded  nucleosome  has  its  H3 
cysteine  exposed,  offering  a  tag  to  isolate  and  study  transcribed  nucleosomes.  In  this  study,  we  applied  Sulfolink 
Coupling  Cel  chromatography  to  isolate  unfolded  nucleosomes  from  estrogen  dependent  human  cancer  T5  cells. 
Inhibition  of  histone  deacetylase  activity  did  not  enhance  the  yield  of  unfolded  nucleosomes  from  these  cells.  We  show 
that  the  estrogen  receptor  and  c-myc  transcribed  DNA  sequences  are  associated  with  unfolded  nucleosomes.  In 
chromatin  immunoprecipitation  (ChlPs)  assays,  we  found  that  the  coding  regions  of  the  estrogen  receptor  and  c-myc 
genes  are  bound  to  highly  acetylated  H3  and  H4  in  cultured  T5  Cells.  We  conclude  that  in  cultured  T5  breast  cancer 
cells  H3  and  H4  are  in  highly  acetylated  states  maintaining  the  unfolded  structure  of  the  transcribed  nucleosome  and 
facilitating  subsequent  rounds  of  elongation.  J.  Cell.  Biochem.  84:  439-446,  2002.  ©  2001  Wiley-Liss,  Inc 

Key  words:  transcriptionally  active  chromatin;  histone  acetylation;  unfolded  nucleosomes;  chromatin  fractionation; 
transcription 


In  mammalian  cells,  histone  H3  is  the  only 
cysteine  containing  histone.  The  H3  cysteine 
residue  at  position  110  is  typically  buried  in 
the  interior  of  the  nucleosome  and  is  not 
available  to  thiol  reactive  reagents.  However, 
nucleosomes  associated  with  transcribing  DNA 
are  exceptions.  These  nucleosomes  are  un¬ 
folded,  exposing  the  H3  cysteine  to  thiol  reactive 
reagents  [Bazett-Jones  et  al.,  19961.  To  unfold 
the  nucleosome,  the  transcription  process  is 
absolutely  necessary  [Chen  and  Allfrey,  1987]. 


Abbreviations  used:  MAR,  matrix  attachment  region; 
ChIPs,  chromatin  immunoprecipitation;  AUT-PAGE,  acetic 
acid-  urea-  Triton  X-lOO-polyacrylamide  gel;  PMSF,  phe- 
nylmethylsulfonyl  fluoride. 
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To  maintain  the  unfolded  structure,  the 
nucleosomal  histones  need  to  be  in  a  highly 
acetylated  state.  In  studies  with  chicken  imma¬ 
ture  erythrocyte  chromatin,  we  found  that  both 
transcription  elongation  and  highly  acetylated 
histones  were  required  to  detect  the  thiol 
reactive  nucleosome  [Walia  et  al.,  1998].  The 
unfolded,  thiol  reactive  nucleosome  structure 
was  maintained  for  as  long  as  the  histones 
remained  highly  acetylated.  Once  the  histones 
were  deacetylated,  the  nucleosomes  folded  to  a 
thiol  unreactive  state  [Walia  et  al.,  1998]. 

The  balance  of  histone  acetyltransferases  and 
deacetylases  located  at  a  transcriptionally 
active  chromatin  site  governs  the  dynamics 
and  steady  state  levels  of  acetylated  histone 
isoforms  at  that  site.  Our  results  suggest  that 
in  avian  immature  erythrocytes,  there  is  a 
relatively  higher  level  of  histone  deacetylases 
to  histone  acetyltransferases  associated  with 
the  transcribing  chromatin  with  the  steady 
state  of  highly  acetylated  histone  isoforms 
being  low. 

Several  groups  have  exploited  the  unique 
thiol  reactive  property  of  transcriptionally 


active  nucleosomes  to  isolate  and  characterise 
transcribing  chromatin  by  organomercury  affi¬ 
nity  column  chromatography,  a  method  devel¬ 
oped  by  Dr.  Allfrey  and  colleagues  [Allegra  et  al. , 
1987;  Guo  et  al.,  1998;  Walia  et  al.,  1998;  Cui 
et  al.,  1999].  Characterisation  of  the  mercury 
boimd  nucleosomes  demonstrated  that  the 
unfolded  nucleosomes  were  associated  with 
hi^y  acetylated  histones. 

With  the  commercial  discontinuation  of  the 
organomercurial  agarose  gel  product,  we  devel¬ 
oped  an  alternate  method  to  isolate  thiol- 
reactive  transcriptionally  active  nucleosomes 
from  human' breast  cancer  cells.  Using  this 
method  we  investigated  whether  inhibition  of 
histone  deacetylases  influenced  the  yield  of 
thiol  reactive  unfolded  nucleosomes.  Further, 
we  applied  chromatin  immunoprecipitation 
(ChIPs)  assays  with  antibodies  to  highly  acety¬ 
lated  H3  and  H4  to  decide  the  status  of  the 
highly  acetylated  histones  associated  with  the 
coding  regions  of  genes  expressed  in  estradiol 
dependent  breast  cancer  cells. 

MATERIALS  AND  METHODS 
Fractionation  of  Breast  Cancer  Chromatin 

Hiunan  breast  cancer  cell  line  T5  (ERa  posit¬ 
ive  and  estrogen  dependent)  and  MDA  MB  231 
(ERa  negative  and  estrogen  independent)  were 
grown  in  DMEM  (GEBCO,  Grand  Island,  NY) 
medium  supplemented  with  5%  fetal  bovine 
serum,  penicillin  (100  U/ml),  streptomycin 
(100  m^ml),  and  5%  glucose  [(Doutts  et  al., 
1996].  Treatment  of  cells  with  10  mM  sodium 
butyrate  was  for  2  h.  Chromatin  fractionation 
was  done  as  described  previously  [Ridsdale 
et  al.,  1988;  Delcuve  and  Davie,  1989].  In  brief, 
nuclei  from  human  breast  cancer  T5  cells  were 
isolated  in  TNM  buffer  (10  mM  Tris-HCl,  pH  8, 
100  mM  NaCl,  2  mM  MgCl2 , 0.3  M  sucrose,  1  mM 
PMSF)  and  resuspended  to  20  Aaeo/ml.  Micro¬ 
coccal  nuclease  (Worthington,  New  Jersey)  and 
CaCl2  were  added  to  a  final  concentration  of 
15  U/ml  and  1  mm,  respectively.  After  incu¬ 
bation  at  S7°C  for  10  min,  digested  nuclei  were 
collected  by  centrifugation  at  12,000gfor  lOmin. 
The  pellets  were  resuspended  in  10  mM  EDTA 
(pH  7.5)  and  left  on  ice  for  at  least  30  min  to 
release  chromatin  fragments  into  solution.  The 
soluble  chromatin  fraction  (SE)  was  separated 
by  centrifugation  at  12,000g  for  10  min.  The  per¬ 
centage  of  SE  released  from  nuclei  of  untreated 
cells  was  33±7  (n=  3),  while  the  ratio  of  SE 


released  from  nuclei  from  but3n'ate  treated  cells 
was  35±5  (n=3). 

Sulfolink  Coupling  Gel  Column 
Chromatography 

Sulfolink  Coupling  Gel  was  obtained  from 
PiCTce  (Rockford,  Illinois).  Sulfolink  Coupling 
Gel  consists  of  immobilised  iodoacetyl  on  a 
cross-linked  agarose  support.  All  procedures 
were  carried  out  in  the  dark.  The  Sulfolink 
agarose  beads  were  washed  with  five  volumes  of 
coupling  buffer  (50  mM  Tris-HCl,  pH  8.5, 5  mM 
EDTA).  The  dnomatin  fraction  SE  was  ^uted 
10-fold  in  coupling  buffer  and  then  loaded  onto  a 
Sulfolink  column  (20  A260  of  chromatin/1  ml  of 
Svilfolink  gel).  The  column  was  incubated  at 
room  temperature  with  rotation  for  15  min^ 
then  without  rotation  for  another  15  min.  The 
unboimd  fraction  was  collected.  The  colrnnn 
was  washed  with  five  volumes  of  coupling 
buffer.  Five  volumes  of  0.8  M  NaCl  in  coupling 
buffer  was  passed  through  the  column.  Five 
volumes  of  1.2  M  NaCl  in  coupling  buffer  and 
2  M  NaCl  in  coupling  buffer  were  subsequently 
passed  throu^  the  column  to  elute  chromatin 
boimd  to  the  column. 

To  chedc  the  specificity  of  Sulfolink  coliunn,  a 
cysteine  block  experiment  was  done.  The  Sulfo¬ 
link  beads  were  washed  with  five  volumes  of 
coupling  biiffer.  The  beads  were  incubated  with 
50  mM  cysteine  in  coupling  buffer,  and  lui- 
treated  beads  were  incubated  with  equal  voltune 
of  coupling  buffer  at  room  temperature  for  15 
min  with  rotation,  then  for  15  min  without 
rotation.  After  centrifugation  to  remove  the 
buffer ,  the  beads  were  washed  with  five  volumes 
of  coupling  buffer.  Chromatin  fraction  SE  was 
added  to  the  treated  and  imtreated  Sulfolink 
beads  and  incubated  as  described  above.  The 
aliquots  of  unbound  fractions  were  collected, 
and  the  OD260  (optical  density  at  260  nm) 
measvu-ed.  The  ratios  of  OD260  for  unbound 
from  the  treated  and  untreated  columns  were 
calculated. 

DNA  Preparation  and  Southern  Blotting 

DNA  preparation  was  done  as  described 
previously  [Delcuve  and  Davie,  1989].  DNA 
was  isolated  from  chromatin  fraction  by  diges¬ 
tion  with  RNase  A  and  proteinase  K  followed  by 
extraction  with  phenol  and  chloroform.  Ten 
micrograms  of  DNA  was  loaded  onto  a  0.8% 
agarose  gel.  After  electrophoresis,  DNA  was 
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transferred  onto  Hybond  N+  (Amersham  Phar¬ 
macia  Biotech,  Bale  d’Urfe,  Quebec)  nylon  mem¬ 
brane,  and  hybridised  with  labeled  probes. 
The  cloned  probes  were:  pHspTOmyc,  which 
contains  the  human  c-myc  exon  2  and  exon  3 
(obtained  from  Dr.  B.  Shiu,  University  of 
Manitoba);  pHGERS,  which  consists  of  the 
human  ERa  exon  3  (obtained  from  Dr.  L. 
Murphy,  University  of  Manitoba);  RHIO,  which 
contains  the  hvunan  apolipoprotein  B  5'  matrix 
attachment  region  (MAR)  sequence  (from 
Dr.  G.  Delcuve,  Cangene).  Inserts  from  the 
plasmids  were  processed  as  follows:  pGHERS/ 
EcoR  I  and  Sal  I  to  3deld  a  2.8  kb  fragment; 
RHIO/Xba  I  to  yield  a  2.5  kb  fragment; 
pHsp70myc/BamH  I  to  linearize  plasmid.  The 
DNA  probes  were  labeled  with  ®^P  a-dCTP 
using  the  RadPrime  DNA  Labelling  System 
(Gibco  BRL,  Grand  Island,  NY).  Before  hybri¬ 
disation  the  slot-blot  was  incubated  in  aqueous 
pre-hybridisation  (APH)  solution  (5X  SSC,  5X 
Denhardt  solution,  1%  (w/v)  SDS,  100  ^ml 
denatured  salmon  sperm  DNA)  for  1  h  at  68°C. 
The  probe  (about  10  ng/ml  of  APH  solution)  was 
then  denatured  by  boiling  for  10  min,  and  then 
added  to  the  slot  blot  along  with  fresh,  pre¬ 
warmed  APH-solution.  The  hybridisation  took 
place  ovemi^t  at  68°C,  and  was  proceeded  by 
2-5  min  washes  in  2X  SSC/0.1%  SDS  at  room 
temperature,  2-5  min  washes  in  0.2X  SSC/0. 1% 
SDS  at  room  temperatiure,  2-15  min  washed  in 
pre-warmed  (42'’C)  0.2X  SSC/0.1%  SDS  for  15 
min  at  42°C,  and  finally,  one  quick  rinse  in  2X 
SSC  at  room  temperatme. 

Protein  Preparation,  AUT  Polyacrylamide  Gel, 
and  Western  Blotting 

Histones  were  extracted  from  the  chromatin 
fractions  with  0.4  N  sulphuric  acid  and  TCA 
precipitated  as  described  [Delcuve  and  Davie, 
1989].  Electrophoresis  of  proteins  was  per¬ 
formed  using  AUT  (acetic  acid— xirea— Triton 
X-100)-15%  polyacrylamide  gels  as  described 
[Delcuve  and  Davie,  1992].  Anti-acetylated  H3 
antibodies  were  obtained  from  Upstate  and 
were  used  to  analyse  acetylated  liistones  in 
Western  blotting. 

ChIPs  Assay 

ChIPs  assays  were  performed  as  described 
previously  [Chadee  et  al.,  1999].  Immunopreci- 
pitation  of  chromatin  fragments  with  highly 
acetylated  histones  was  performed  using  poly¬ 
clonal  antibodies  to  di-acetylated  (acetylated 


lysines  9  and  14)  H3  and  penta-acetylated  H4 
(Upstate  Biotechnology,  NY).  The  cells  were 
grown  to  approximately  80%  confluence  and 
then  washed  twice  with  PBS.  Histones  were 
cross-linked  to  DNA  by  incubation  of  cells  in 
PBS  containing  1%  formaldehyde  for  8  min  at 
The  cross-linked  cells  were  then  washed 
twice  with  cold  PBS  containing  proteinase 
inhibitors  (1  mM  PMSF,  1  pg/ml  leupeptin, 

1  pg/ml  of  aprotinin)  and  harvested.  j4)out 
1x10®  cells  were  resuspended  in  1  ml  of  Lysis 
buffer  (1%  SDS,  1 0  mM  EDTA,  50  mM  Tris-HCl, 
pH  8. 1),  and  incubated  on  ice  for  10  min.  The  cell 
lysate  was  sonicated  with  four  sets  of  10-s 
pulses.  Under  these  conditions,  the  DNA  frag¬ 
ment  lengths  ranged  between  200  and  2,000 
base  pairs.  After  a  brief  spin,  the  supernatant 
was  diluted  to  A26o/ml  with  Dilution  Bxiffer 
(0.01%  SDS,  1.1%  Triton  X-100, 1.2  mM  EDTA, 
16.7  mM  Tris-HCl,  pH  8.1,  167  mM  NaCl). 
Ei^ty  microliters  of  protein  A-agarose  slurry 
pre-treated  with  salmon  sperm  DNA  was  added 
to  1  ml  of  cell  lysate  (1 A260)  and  incubated  at4°C 
for  30  min  with  agitation.  After  a  brief  spin,  the 
supernatant  was  transferred  to  a  fresh  tube, 
and  5  pi  of  anti-acetyl  histone  H3  serum  or  anti- 
acetylated  H4  serum  was  added.  A  tube  not 
containing  antibody  was  used  as  the  control. 
After  incubation  at  4°C  for  16-18  h  with 
rotation,  60  pi  of  protein  A  agarose  slxirry  was 
added  to  each  tube,  and  incubated  at  4°C  for  1  h 
with  agitation.  The  beads  were  pelleted,  and 
washed  with  the  following  buffers:  once  with 
Low  salt  buffer  (0.1%  SDS,  1%  Triton  X-100, 

2  mM  EDTA,  20  mM  Tris-HCl,  pH  8.1, 150  mM 
NaCl),  once  with  High  salt  buffer  (0.1%  SDS,  1% 
Triton  X-100, 2  mM  EDTA,  20  mM  Tris-HCl,  pH 
8. 1, 500  mM  NaCl),  once  with  LiCl  buffer  (0.25  M 
LiCl,  1%  NP-40, 1%  deo^cholate,  1  mM  EDTA, 
10  mM  Tris-HCl,  pH  8.1),  twice  with  TE  buffer 
(10  mM  Tris-HCl,  pH  8.0,  1  mM  EDTA).  For 
each  wash,  1  ml  buffer  was  added,  and  the  tubes 
were  agitated  at  4°C  for  5  min,  then  the  beads 
were  pelleted.  Histone-DNA  complexes  were 
eluted  by  adding  250  pi  of  Elution  buffer  (1% 
SDS,  0.1  M  NaHCOj)  to  the  beads.  The  tubes 
were  incubated  and  rotated  at  room  tempera¬ 
ture  for  15  min.  The  beads  were  pelleted,  and 
the  supernatant  was  transferred  to  a  fresh  tube. 
The  elution  step  was  repeated  once,  and  the 
supernatants  were  combined.  DNA  cross-links 
were  reversed  by  adding  25  pi  of  4  M  NaCl  to 
the  0.5  ml  elute,  and  incubated  at  65°C  for  4  h. 
The  elutant  was  treated  with  proteinase  K 
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(10  ng/ml)  in  EDTA,  Tris-HCl  (pH  6.5)  at  55“C 
for  1  h.  DNA  was  extracted  with  phenol/chloro- 
form,  precipitated  with  ethanol,  and  resus¬ 
pended  in  TE.  DNA  fragments  isolated  by 
ChIPs  or  from  the  input  were  used  as  a  template 
in  PCR  reactions.  Primers  were  human  ERa- 
exon  I  (upstream  5'-TTCGTCCTGGGAGCTG- 
CACTT-3'  and  downstream  5'-GCAGAAGGCT- 
CAGAAACCGGC-30  and  human  c-myc  exon  I 
(upstream  5'-GAGCTGTGCTGCTCGCGGCCG 
CCA-3'  and  downstream  6'-CCCTATTCGCTC 
CGGATCTCCCTT-3').  PCR  was  carried  out  as 
previously  described  [Sun  et  al.,  1999]. 

RESULTS 

Isolation  of  Transcribing  Chromatin  From 
Human  Breast  Cancer  Cells 

To  isolate  thiol  reactive  unfolded  transcrip¬ 
tional  active  nucleosomes,  we  tested  the  ap¬ 
plication  of  the  Sulfolink  Coupling  Gel,  which 
consists  of  unmobilized  iodoacetyl  groups  on 
a  cross-linked  agarose  support.  Human  breast 
cancer  T5  cells  were  incubated  for  2  h  with 
sodium  butyrate  to  drive  dynamically  acely- 
lated  histones  into  a  highly  acetylated  state, 
with  the  intention  of  maximising  the  yield  of 
unfolded  transcribing  nucleosomes  [Walia  et  al. , 
1998].  The  low  ionic  strength  soluble  chromatin 
fraction  isolated  from  micrococcal  nuclease 
digested  T5  nuclei  was  applied  to  the  Svilfolink 
Coupling  Gel.  The  Sulfolink  column  may  retain 
chromatin  fragments  indirectly  by  non-histone 
chromosomal  proteins,  which  have  reactive 
thiols,  or  directly  by  the  thiol-reactive  H3  of 
unfolded  nucleosomes.  To  disrupt  interactions 
between  thiol-reactive  non-histone  chromoso¬ 
mal  proteins  and  chromatin  fragments,  the 
coliunn  was  washed  with  0.8  M  NaCl.  At  this 
concentration  of  NaCl,  there  will  be  some 
dissociation  of  H2A  amd  H2B  dimers  from 
nucleosomal  DNA;  however,  unfolded  nucleo¬ 
somes  that  have  reacted  with  the  iodoacetyl 
group  will  remain  bound  to  DNA  [Li  et  al.,  1993; 
Walia  etal.,  1998].  A21±4.7%  of  A26o-absorbing 
material  remained  bound  to  the  column  follow¬ 
ing  the  0.8  M  NaCl  wash  (Fig.  1).  To  test 
whether  the  chromatin  fragments  were  being 
retained  through  reactive  sulphydryls,  the 
colxunn  was  pre-treated  with  cysteine  to  block 
the  iodoacetyl  groups  before  the  application  of 
the  T5  chromatin  fraction  SE.  A  3.5±1.5%  of 
the  A26o-absorbing  material  was  bo\md  to  the 
cysteine-blocked  column  (Fig.  1).  These  resiilts 
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Fig.  1.  Isolation  of  unfolded  nucleosomes  by  Sulfolink 
coupling  gel  chromatography.  SE  chromatin  fraction  from  the 
T5  cells  incubated  with  10  mM  sodium  butyrate  was  applied  to 
a  Sulfolink  column  that  was  either  untreated  or  treated  with 
cysteine  to  block  the  iodoacetyl  groups.  The  fraction  of  input 
chromatin  remaining  bound  to  the  column  following  a  0.8  M 
NaCl  wash  is  indicated.  DNA  was  measured  by  absorbance  at 
260  nm.  The  results  are  the  meansistandard  error  of  the  mean 
for  eight  separate  experiments. 

provide  evidence  that  chromatin  fragments 
were  retained  by  reactive  sulphydiyls. 

Histones  and  DNA  fragments  of  the  unbound 
and  boimd  column  fractions  were  analyzed.  SE 
chromatin  was  applied  to  the  Sulfolink  colmnn, 
which  was  subsequently  washed  with  a  buffer 
containing  0.8  M  NaCl.  The  histones  in  the 
unbound  fractions  eind  those  remaining  boimd 
to  the  column  were  isolated  by  acid  extraction 
and  electrophoresed  on  AUT  polyacrylamide 
gels.  The  AUT  gels  were  either  Coomassie  Blue 
stained  or  transferred  onto  a  nitrocellulose  filter 
for  Western  blotting.  The  Coomassie  Blue 
stained  gels  show  that  the  Sulfolink  bound 
fractions  were  enriched  in  hyperacetylated 
isoforms  of  H4  (Fig.  2B,C).  Western  blot  analy¬ 
sis  using  anti-acetylated  H3  antibody  shows  the 
bound  fraction  was  enriched  in  hyperacetylated 
isoforms  of  H3  (Fig.  2C).  Thus,  in  agreement 
with  previous  studies,  H3-thiol  reactive  nucleo¬ 
somes  are  associated  with  hi^y  acetylated  H3 
[Walia  et  al.,  1998]. 

Figure  2A  shows  the  DNA  fragment  lengths 
present  in  the  various  column  fractions.  The 
unbound  fraction  contained  oligonuclesomes 
(Fig.  2A,  lane  2),  while  the  bound  fraction 
consisted  of  shorter  mono-  and  di-nucleosomes 
(Fig.  2A,  lane  3).  This  result  shows  that  the 
column  matrix  was  not  trapping  long  chromatin 
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Fig.  2.  Characterisation  of  chromatin  fragments  isolated  by 
Sulfolink  coupling  gel  chromatography.  The  SE  chromatin 
fraction  from  T5  cells  incubated  with  sodium  butyrate  was 
applied  to  a  Sulfolink  coupling  gel  chromatography  column. 
The  column  was  washed  with  a  0.8  M  NaCI-contalning  buffer. 
The  unbound  fraction  consists  of  the  initial  flow  through  and 
0.8  M  NaCi  eluted  fraction.  Panel  A:  DNA  fragments  (8  pg) 
extracted  from  the  input  (T),  unbound  (U),  and  bound  chromatin 
(B)  were  electrophoretically  resolved  on  a  0.8%  agarose  gel  and 
then  visualized  by  ethidium  staining.  Panel  B:  Histones  were 
isolated  by  acid  extraction  of  the  inpLit  (T),  unbound  (U),  and 
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bound  chromatin  (B).  Each  lane  had  10  pg  of  protein.  The 
histones  were  resolved  by  AUT  15%  PAGE,  and  the  gel  was 
subsequently  stained  with  Coomassle  Blue.  Panel  C:  An  AUT 
15%  PAGE  gel  containing  histones  (10  pg)  from  the  unbound 
and  bound  fractions  was  stained  with  Coomassie  Blue  (left 
panel),  or  the  proteins  were  transferred  to  nitrocellulose 
membranes  and  immunochemical ly  stained  with  antl-acety- 
lated  H3  antibodies  (right  panel).  Variants  of  H3,  H3.1,  H3.2, 
and  H3.3  are  shown.  The  numbers  0, 1,  2, 3,  and  4  indicate  the 
position  of  un-,  mono-,  di-,  tri-,  and  tetra-acetylated  isoforms  of 
H4,  respectively. 


fragments.  As  micrococcal  nuclease  processes 
transcriptionally  active  chromatin  faster  than 
bulk  chromatin,  finding  that  the  column  retains 
shorter  chromatin  fragments  is  consistent  with 
the  retention  of  transcriptionally  active  chro¬ 
matin  [Delcuve  and  Davie,  1989]. 

Following  the  wash  with  0.8  M  NaCl,  the 
bound  chromatin  fragments  were  dissociated 
from  the  column  by  washes  with  1.2  and  2.0  M 
NaCl.  The  1.2  M  NaCl  wash  was  chosen  to 
dissociate  DNA  from  highly  acetylated  H3, 
while  2.0  M  NaCl  release  the  remaining  DNA 
that  is  bound  to  less  modified  H3  [Li  et  al. ,  1993]. 
The  DNA  fragments  isolated  from  the  Siilfolink 
column  with  SE  chromatin  fragments  were 
resolved  by  agarose  gel  electrophoresis  and 
transferred  to  membranes  for  Southern  blot 
analysis.  We  studied  the  distribution  of  tran¬ 
scriptionally  active  genomic  DNA  sequences, 
c-myc  (exon  2  and  3)  and  estrogen  receptor 
(ERa,  exon  3),  and  one  repressed  DNA  sequence, 
apolipoprotein  5'  MAR.  Figure  3  shows  the 
transcriptionally  active  DNA  sequences  (ERa 
and  c-myc)  were  present  in  the  1.2  and  2  M  NaCl 
fractions.  These  results  demonstrate  that 


unfolded  transcriptionally  active  nucleosomes 
can  be  captured  on  a  Sulfolink  column. 

Association  of  Highly  Acetylated  H3  and  H4  With 
Transcriptional  Active  Genes 

To  decide  whether  inhibition  of  histone  dea- 
cetylases  affected  the  yield  of  transcribing 
nucleosomes  retained  by  the  Sulfolink  column, 
SE  chromatin  from  T5  cells  not  incubated  with 
sodium  butyrate  was  applied  to  the  column, 
which  was  subsequently  washed  with  0.8  M 
NaCl.  A  27db6.3%  of  A260 -absorbing  material 
was  retained  by  the  column.  Thus,  preventing 
the  deacetylation  of  dynamically  acetylated 
histones  did  not  affect  the  yield  of  unfolded 
nucleosomes. 

The  isolation  of  unfolded  nucleosomes  from 
T5  cells  suggested  that  the  steady  state  of 
histone  acetylation  along  the  transcribed  chro¬ 
matin  in  the  cultured  cells  was  sufficiently  high 
to  maintain  the  unfolded  nucleosome.  To  test 
this  directly  we  applied  ChIPs  assays  to  find 
out  whether  the  coding  regions  of  transcription¬ 
ally  active  genes  were  associated  with  hi^y 
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Fig.  3.  Association  of  unfolded  nucleosomes  with  transcribed 
estrogen  receptor  and  c-myc  DNA.  SE  chromatin  from  T5 
human  breast  cancer  cells  was  fractionated  by  Sulfo!  ink  column 
chromatography.  Pane!  A:  Each  lane  had  10  pg  of  DNA 
fragments  extracted  from  the  input  (T),  unbound  (U),  0.8  M  NaCI 
fraction  (0.8),  1.2  M  NaCI  fraction  (1.2),  and  2  M  NaCl  fraction 
(2.0),  which  were  electrophoretically  resolved  on  0.8%  agarose 


gel  and  then  visualised  by  ethidium  bromide  staining.  Panels  B- 
D:  The  DNA  fragments  were  transferred  to  membranes,  which 
were  hybridised  to  a  genomic  c-myc  probe  (panel  B),  genomic 
ER  probe  (panel  C),  or  apolipoprotein  Al  5'  MAR  (MAR) 
genomic  probe  (panel  D).  The  autoradiograms  are  shown  in 
panels  B-D. 
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acetylated  histone.  The  input  DNA  and  DNA 
isolated  by  ChIPs  with  anti-acetylated  H3  and 
anti-acetylated  H4  antibodies  were  amplified  by 
PCR  with  specific  primer  sets  and  analyzed  on 
agarose  gels.  The  primer  sets  chosen  monitored 
the  human  ERa  exon  1  and  c-myc  exon  1. 
Figure  4  shows  that  the  171-bp  ERa  exon  1  and 
279-bp  c-myc  exon  1  were  found  in  DNA 
isolated  by  ChIPs  from  T6  cells.  Using  slot  blot 
hybridisation  rather  than  PCR  analyses  of  the 
immunoprecipitated  DNA,  we  found  that  apoli¬ 
poprotein  5'  MAR  sequences  were  not  enriched 
in  the  immunoprecipitated  DNA.  In  control 
studies,  we  detected  the  c-myc  exon  1,  but  not 
the  ERal,  fragment  in  DNA  immunoprecipi¬ 
tated  from  ERa  negative  MDA  MB  231  human 
breast  cancer  cells  (Fig.  4).  These  results 
demonstrate  that  in  T5  cells  the  coding  regions 
of  ERa  and  c-myc  are  bound  to  highly  acetylated 
H3  and  H4,  which  would  maintain  the  unfolded 
nucleosome  structure  once  formed  by  transcrip¬ 
tion  of  the  gene. 

DISCUSSION 

Merciny  affinity  chromatography  has  been 
used  to  isolate  and  characterise  active  nucleo¬ 
somes  and  to  identify  differentially  expressed 
genes  [Allfi-ey  and  Chen,  1991;  Cui  et  al.,  1999]. 
The  unavailability  of  the  commercial  mercury 


affinity  matrix,  however,  necessitated  an  alter¬ 
nate  methodology.  This  study  presents  a  novel 
method  to  isolate  transcriptionally  active 
unfolded  nucleosomes  by  sulfolink  coupling  gel 
chromatography.  Using  this  strategy,  we  show 
that  the  transcribed  ERa  and  c-myc  genes,  but 
not  the  transcriptionally  inert  apolipoprotein 
MAR  DNA,  in  hiunan  breast  cancer  T5  cells  are 
associated  with  imfolded  nucleosomes.  Consis¬ 
tent  with  previous  studies,  the  thiol  reactive 
imfolded  nucleosomes  were  enriched  in  highly 
acetylated  H3  and  H4. 

There  is  considerable  interest  in  acetylation 
status  of  histones  at  promoters  [Chen  et  al., 
1999;  Davie  and  Moniwa,  2000;  Davie  and 
Spencer,  2001;  Shang  et  al.,  2000].  However, 
dynamic  acetylation  occius  along  the  coding 
region  of  the  gene  and  may  occur  throughout  an 
entire  active  gene  domain  [Vogelauer  et  al., 
2000;  Myers  et  al.,  2001].  Histone  acetylation  is 
not  sufficient  to  establish  the  unfolded  nucleo¬ 
some  state,  but  highly  acetylated  histones  have 
a  role  in  maintaining  the  unfolded  nucleosome 
structure  once  it  is  formed  by  transcription 
[Walia  et  al.,  1998].  Our  studies  with  chicken 
immature  erythrocyte  chromatin  showed  that 
the  longevity  of  the  unfolded  transcribing 
nucleosome  was  dependent  upon  time  that  the 
histones  were  maintained  in  highly  acetylated 
status  [Walia  et  al.,  1998].  The  inability  to 
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Fig.  4.  Association  of  highly  acetylated  H3  and  H4  isoforms 
with  transcribed  estrogen  receptor  and  c-myc  coding  regions. 
DNA  fragments  isolated  by  ChIPs  from  T5  cells  (panel  A)  and 
MDA  MB  231  cell  (panel  B)  with  anti-acetylated  H3  (aAcH3)  or 
H4  (aAcH4)  antibodies  were  analyzed  by  PCR.  One  hundred 
nanograms  of  DNA  isolated  from  total  cell  lysate  (input)  and 

isolate  tmfolded  nucleosomes  from  avian  ery- 
throid  cells  not  treated  with  butyrate  suggested 
that  the  steady  state  of  acetylation  of  histones 
associated  with  transcribed  chromatin  in  avian 
immature  erythrocytes  is  low.  As  the  balance  of 
histone  acetyltransferases  and  deacetylases 
along  the  transcribed  region  of  genes  decides 
the  steady  state  level  of  histone  acetylation,  our 
resxilts  argue  that  the  activity  of  histone 
deacetylases  is  in  excess  of  that  of  the  his¬ 
tone  acetyltransferases  at  transcriptionally 
active  loci  in  avian  immature  erythrocytes. 
The  situation  in  cultured  human  breast  cancer 
cells  is  different  in  that  the  steady  state  of 
acetylated  histones  along  transcribed  DNA  is 
high.  This  is  shown  indirectly  in  that  unfolded 
transcribing  nucleosomes  are  isolated  from 
cultured  cells  without  blocking  histone  deace- 
tylase  activity  and  shown  directly  in  ChIPs 
studies.  The  later  studies  showed  that  the  exons 
of  ERa  and  c-wyc  are  bound  to  highly  acetylated 
H3  and  H4  in  T5  cells.  These  observations 
suggest  that  the  coding  regions  of  these  genes 
have  a  greater  level  of  histone  acetyltrans¬ 
ferases  relative  to  that  of  histone  deacetylases, 
maintaining  the  histones  in  highly  acetylated 
states.  Thus,  once  a  nucleosome  was  unfolded, 
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immunoprecipitated  DNA  from  T5  and  MDA  MB  231  cells  were 
used  as  templates  in  PCR.  The  primers  designed  from  human 
ERa  exon  I  and  human  c-myc  exon  I  were  used  in  PCR.  The  PCR 
products  were  electrophoresed  on  a  1%  agarose  gel.  MW  Is  the 
DNA  molecular  marker. 


the  hi^y  acetylated  histones  would  maintain 
this  state,  facilitating  subsequent  rounds  of 
elongation. 
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Histone  acetylation  plays  an  important  role  in  remod¬ 
eling  chromatin  structure,  facilitating  nuclear  pro¬ 
cesses  such  as  transcription.  We  investigated  the  effect 
of  estradiol  on  global  histone  acetylation  in  hormone- 
responsive  human  breast  cancer  cells.  Pulse-chase  ex¬ 
periments  and  immunoblot  analyses  of  dynamically 
acetylated  histones  show  that  estradiol  rapidly  in¬ 
creases  histone  acetylation  in  estrogen  receptor  (ER)- 
positive,  hormone-dependent  T5,  but  not  in  £R-nega- 
tive,  hormone-independent  MDA  MB  231  breast  cancer 
cells.  The  effect  of  estradiol  on  the  rates  of  histone  acety¬ 
lation  and  deacetylation  in  T6  ceUs  was  determined.  We 
found  that  estra^ol  increased  the  level  of  acetylated 
histones  by  reducing  the  rate  of  histone  deacetylation, 
whereas  the  rate  of  histone  acetylation  was  not  altered. 
Enzymatic  assays  and  immunoblot  analyses  of  cell  frac¬ 
tions  showed  that  estradiol  did  not  affect  the  level,  sub- 
nuclear  distribution,  or  activity  of  class  I  and  H  histone 
deacetylases.  However,  estradiol  did  alter  the  intranu¬ 
clear  distribution  of  EIR  and  histone  acelyltransferases, 
with  both  becoming  tightly  bound  in  the  nucleus  and 
associated  with  the  nuclear  matrix.  We  propose  that, 
following  the  association  of  ER  with  nuclear  matrix 
sites,  ER  alters  the  balance  of  histone  acetyltransferases 
and  histone  deacetylases  at  these  sites  and  the  dynamics 
of  acetylation  of  histones  associated  with  transcription¬ 
ally  active  and  competent  chromatin. 


Histone  acetylation  is  a  dynamic  process  directed  by  histone 
acetyltransferases  (HATs)^  and  histone  deacetylases  (HDACs). 
Transcription  factors  recruit  coactivators  with  HAT  activity  to 
regulatory  DNA  sites,  whereas  transcriptional  repressors  re¬ 
cruit  corepressors  with  HD  AC  activity  (1).  Nucleosomal  his¬ 
tones  at  or  near  regulatory  elements  associated  with  coactiva¬ 
tors  with  HAT  activity  become  highly  acetylated,  resulting  in 
the  remodeling  of  chromatin  structure  (1).  These  highly  acety¬ 
lated  histones  are  rapidly  deacetylated  by  HDACs  accessing 
these  sites.  Dynamically  acetylated  histones,  however,  are  not 
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confeed  to  regulatory  regions  but  are  located  along  the  coding 
region  of  genes  and,  in  some  cases,  with  a  chromatin  domain 
(2~4). 

Studies  on  histone  acetylation  rates  have  revealed  that  in 
animal  cells  there  are  different  populations  of  dynamically 
acetylated  histones.  One  population  is  rapidly  modified  to 
highly  acetylated  isoforms  (e.g.  tetra-acetylated  H4)  and  rap¬ 
idly  deacetylated.  This  population  of  dynamically  acetylated 
histones  is  boimd  to  transcriptionally  active  and  competent 
DNA  (5).  Another  larger  population  of  acetylated  histones  is 
slowly  modified  to  highly  acetylated  states  and  slowly  deacety¬ 
lated  (6). 

We  have  demonstrated  that  HAT  and  HDAC  activities  are 
associated  with  the  nuclear  matrix  of  avian  eiythrocytes  (7). 
Further,  avian  HDACl  and  mammalian  HDACl  are  bound  to 
the  nuclear  matrix,  a  nuclear  substructure  that  has  a  critical 
role  in  chromatin  organization  and  function  (8-12).  We  pro¬ 
posed  a  model  where  nuclear  matrix-associated  HATs  and 
HDACs  mediate  a  dynamic  attachment  between  transcription¬ 
ally  active  chromatin  domains  and  the  nuclear  matrix. 

Estrogen  plays  an  important  role  in  the  cell  proliferation  and 
stimulation  of  DNA  synthesis  in  hormone-responsible  breast 
cancer  cells.  The  estrogen  receptor  a  (ER),  when  bound  to 
estradiol,  recruits  the  coactivator/HATs  CBP,  PCAF,  steroid 
receptor  cofactor  (SRC)  1,  and  SRC-3  to  estrogen-responsive 
elements,  resulting  in  acetylation  of  histones  at  and  near  the 
site  of  ER  binding  (13,  14).  Immediately  following  the  addition 
of  estradiol  to  hormone-responsive  breast  cancer  cells,  ER  im- 
dergoes  a  rapid  intranuclear  redistribution  to  punctate  nuclear 
foci  that  are  associated  with  the  nuclear  matrix  (10,  15).  This 
alteration  in  ER  intranuclear  trafficking  is  accompanied  with 
the  recruitment  of  the  coactivator/HAT  SRC-1  to  nuclear  ma¬ 
trix-associated  sites  containing  ER. 

In  this  study  we  investigated  the  effect  of  estradiol  on  global 
histone  acetylation  in  hormone-responsive  breast  cancer  cells. 
A  previous  study  demonstrated  that  estradiol  decreased  the 
level  of  acetylated  histones  (16).  In  contrast  to  these  observa¬ 
tions,  we  found  that  estradiol  rapidly  increased  the  level  of 
acetylated  histones.  An  analysis  of  the  rates  of  histone  acety¬ 
lation  and  deacetylation  in  breast  cancer  cells  cultured  in  es¬ 
tradiol-depleted  and  -replete  conditions  revealed  that  estradiol 
decreased  the  rates  of  histone  deacetylation,  but  had  no  effect 
on  the  rates  of  histone  acetylation.  Evidence  is  presented  that 
estradiol  does  not  affect  the  levels  or  nuclear  distribution  of 
HDACs,  but  it  does  alter  the  nuclear  distribution  of  HATs. 

MATERIALS  AND  METHODS 

Cell  Lines  and  Culture  Conditions — Human  breast  cancer  cell  line  T5 
(ER-positive  and  estrogen-dependent)  and  MDA  MB  231  (ER-negative 
and  estrogen-independent)  were  grown  in  DMEM  (Invitrogen)  supple¬ 
mented  with  5%  fetal  bovine  serum,  penicillin  (100  imits^ml),  strepto¬ 
mycin  (100  mg/ml),  and  5l%  glucose.  Under  estrogen-depleted  condi¬ 
tions,  cells  were  grown  in  estrogen-depleted  medium,  consisting  of 
phenol  red-free  DMEM  (Invitrogen),  7%  charcoal-stripped  fetal  bovine 
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serum,  penicillin  (100  units/ml),  streptomycin  (100  mg/ml),  and  6% 
glucose  as  described  previously  (17).  Cells  were  grown  in  a  37  “C  hu- 
midiAed  incubator  with  5%  CO^. 

Pulse-Ckase  Labeling  Cells  for  Analyses  of  Histone  Acetylation 
Rates— ^o  study  the  effect  of  estradiol  on  histone  acetylation,  T6  cells 
were  grown  in  estrogen-depleted  medium.  After  3  days  of  incubation,  T5 
cells  were  grown  in  the  same  medium  containing  <ycloheximide  (10 
/ig/ml)  for  30  min.  Cells  were  incubated  in  the  same  medium  containing 
cycloheximide  (10  /i^ml)  and  pHJacetate  (0.1  mCi/ml;  ICN)  in  the 
absence  (ethanol  vehicle  only)  or  presence  of  10  nM  estradiol  for  20  min. 
After  labeling,  the  cells  were  washed  twice  with  ice-cold  PBS  containing 
10  mM  butyrate  and  then  harvested. 

Rates  of  histone  acetylation  were  determined  as  described  previously 
(6, 18).  T5  cells  were  grown  to  a  confluence  of 70-80%.  The  medium  was 
removed  and  cells  were  washed  with  pre-warmed  PBS.  The  cells  were 
grown  in  the  same  medium  containing  cycloheximide  (10  pg/ml)  for  30 
min.  <^cloheximide  was  present  throughout  the  labeling  period.  The 
cells  were  incubated  at  37  “C  for  various  times  with  fresh  medium 
containing  pHlacetate  in  the  absence  or  presence  of  10  nM  estradiol. 
After  labeling,  the  cells  were  washed  twice  with  DMEM  containing  10 
mM  sodium  butyrate  and  0.1  mM  nonradioactive  acetate.  The  cells  were 
chased  in  the  same  buffer  at  37  ®C  for  various  times. 

Pulse-Chase  Labeling  Cells  for  Analyses  of  Histone  Deacetylation 
Rates — Rates  of  histone  deacetylation  were  determined  as  described 
previously  (6, 19).  T6  cells  were  grown  in  estrogen-depleted  medium  for 
at  least  3  days.  After  two  washes  with  PBS,  T6  cells  were  grown  in  the 
same  medium  containing  cycloheximide  (10  ptg/ml)  for  SO  min.  The  cells 
were  incubated  for  120  min  in  the  same  medium  containing  10  mM 
butyrate,  10  /ig/ml  cycloheximide,  and  PHJ  acetate  in  the  presence  or 
absence  of  10  nM  estradiol.  After  labeling,  the  cells  were  washed  three 
times  with  pre-warmed  PBS,  and  incubated  in  the  same  medium  with¬ 
out  butyrate  and  radioactive  acetate,  and  with  or  without  estradiol  for 
various  times.  The  cells  were  then  washed  and  harvested. 

Cellular  Fractionation — ^T5  cells  were  resuspended  in  TNM  buffer 
(100  mM  NaCl,  300  mM  sucrose,  10  mM  Tris-HCl,  pH  7.4,  2  mM  MgCI^, 
1%  thiodiglycol)  containing  1  mM  phenylmethylsulfonyl  fluoride  and 
protease  inhibitor  mixture  (Roche).  The  cells  were  lysed  by  being  passed 
through  a  syringe  with  22-gauge  needle.  The  cytosol  and  nuclei  were 
isolated  from  lysed  cells  after  centrifugation  at  4600  X  g.  Nuclei  prep¬ 
arations  were  inspected  by  microscopic  analyses.  The  nuclei  were  re¬ 
suspended  in  TNM  buffer.  The  nuclei  were  extracted  by  adding  Triton 
X-100  to  a  final  concentration  of  0.6%  and  incubated  on  ice  for  6  min. 
After  centrifugation  at  4500  X  g  for  10  min,  the  supernatant,  named  the 
Triton  X-100  supernatant  fraction,  or  Triton-S,  was  saved.  The  nuclei 
pellet  was  resuspended  in  an  equal  volume  of  TNM  buffer  with  0.6% 
Triton  X-lOO;  this  firaction  was  named  the  Triton  X-100  pellet  fraction, 
or  Triton-P. 

Immunoprecipitation  and  Jmmunoblotting — Immunoblot  analyses 
was  carried  out  as  described  previously  (9).  Polyclonal  antibodies 
against  human  HDACl  (Affinity  Bioreagents  Inc.  (ABR)),  human 
HDAC2  (ABR),  human  HDAC3  (ABR),  human  HDAC4  (Santa  Cruz), 
human  SRC-1  (ABR),  and  mouse  monoclonal  antibodies  against  human 
ERa  (Novocastra  Laboratories  Ltd.)  and  SRC-3  (AIB1/RAC3)  (Upstate 
Biotechnology,  Inc.)  were  used.  Antibodies  against  PCAF-A  and 
PCAF-B  were  a  kind  gift  from  Dr.  Yoshihiro  Nakatani,  Acetylated 
isoforms  of  H3  and  H4  were  detected  with  polyclonal  antibodies  to 
di-acetylated  H3  and  penta-acetylated  H4  (Upstate  Biotechnology, 
Inc.). 

Histone  Acetyltransferase  and  Deacetylase  Assays — Histone  acefyl- 
translerase  and  deacetylase  assays  were  performed  as  described  previ¬ 
ously  (7,  20). 

RESULTS 

Estradiol  Increases  Histone  Acetylation  in  Human  Breast 
Cancer  ER-positive  T5  Cells — ^To  determine  the  immediate  ef¬ 
fect  of  estradiol  (Eg)  on  histone  acetylation,  T5  cells  (ER-posi¬ 
tive  and  hormone-dependent)  grown  under  Eg-depleted  condi¬ 
tions  were  incubated  with  or  without  Eg  and  pH]  acetate  for  20 
min  to  label  d3mamically  acetylated  histones.  Comparison  of 
the  Coomassie  Blue-stained  AUT  gel  patterns  shows  that  his¬ 
tones  from  Eg-incubated  cells  had  slightly  increased  levels  of 
highly  acetylated  (di-,  tri-,  and  tetra-acetylated)  isoforms  of  H4 
(Fig.  lA).  Relative  to  the  di-,  tri-,  and  tetra-acetylated  H4 
isoforms  from  cells  cultured  under  Eg-depleted  conditions,  the 
level  of  these  acetylated  H4  isoforms  increased  by  2.5%  in  the 
Eg-incubated  cells.  Analyses  of  the  fluorogram  revealed  a 


Fig.  1.  Estradiol  increases  acetylated  histone  levels  in  hor¬ 
mone-responsive,  human  breast  cancer  T6  cells.  T6  (ER-positive 
and  hormone-dependent)  cells  were  cultured  in  estrogen-depleted  con¬ 
ditions  for  3  days,  and  then  incubated  in  the  presence  or  absence  of  10 
nM  E2  for  20  min.  The  histones  were  resolved  by  15%  AUT-PAGE  (40  /ig 
of  protein/lane).  Panel  A,  left,  Coomassie  Blue-stained  gel  pattern; 
right,  accompanying  fluorogram.  Panels  B  and  C,  the  histones  from 
cells  incubated  in  the  presence  or  absence  of  10  nM  Eg  for  30  min  were 
resolved  by  16%  AUT-PAGE,  transferred  to  nitrocellulose  membranes 
and  immunochemically  stained  with  anti-acetylated  H3  {panel  B)  and 
anti-acetylated  H4  {panel  C)  antibodies.  The  acetylated  isoforms  of 
H3.2  and  H4  are  indicated.  0, 1, 2, 3,  and  4  correspond  to  un-,  mono-,  di-, 
tri-,  and  tetra-acetylated  isoforms,  respectively.  ^ 


greater  change  in  the  levels  of  the  acetylated  histones  with  the 
labeled  highly  acetylated  isoforms  of  H3.2,  H2B,  and  H4  being 
increased  in  the  Eg-incubated  cells  (Fig.  lA).  After  scanning  the 
fluorogram,  the  ratios  of  the  level  of  labeled  highly  acetylated 
histone  isoforms  (Ac3  and  Ac4)  to  total  labeled  acetylated  H4, 
H3.2,  and  H2B  were  calculated.  The  percentage  of  acetylated 
H4  that  was  highly  acetylated  was  9  and  12.5%  in  histones 
from  cells  incubated  without  and  with  Eg,  respectively.  The 
highly  acetylated  H3  isoforms  was  18  and  23%  of  acetylated  H3 
in  preparations  from  cells  grown  without  and  with  Eg.  The 
acetylated  H2B  that  was  highly  acetylated  increased  to  17%, 
while  being  15%  in  cells  grown  without  Eg. 

To  further  illustrate  the  increase  in  the  level  of  highly  acety¬ 
lated  histones  in  T5  cells  incubated  with  Eg  for  30  min,  the 
histones  were  analyzed  by  immunoblot  analyses  with  antibod¬ 
ies  recognizing  highly  acetylated  isoforms  of  H3  (Fig.  IB)  and 
H4  (Fig.  1C).  Fig.  IB  shows  that  Eg  incubation  increased  the 
levels  of  highly  acetylated  isoforms  of  H3.2.  Similarly,  Fig.  1C 
shows  that  Eg  incubation  elevated  the  levels  of  highly  acety¬ 
lated  H4  isoforms.  Together,  these  results  demonstrate  that  Eg 
rapidly  increases  the  level  of  highly  acetylated  histone 
isoforms. 

This  study  was  repeated  with  the  human  breast  cancer  cell 
line  MDA  MB  231  (ER-negative  and  hormone-independent). 
Analyses  of  Coomassie  Blue-stained  AUT  gels  and  accompany¬ 
ing  fluorograms  demonstrated  that  incubation  of  MDA  MB  231 
cells  with  Eg  did  not  affect  acetylated  histone  levels  (data  not 
shown).  The  ratio  of  labeled  highly  acetylated  H4  isoforms  to 
total  acetylated  H4  in  Eg-treated  MDA  MB  231  cells  was 
--'17.5%,  which  was  very  similar  to  the  observed  18%  for  cells 
cultured  without  Eg.  Immunoblot  analyses  of  histones  from 
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Fig.  2.  Rates  of  histone  acetylation 
in  T5  cells  cultured  under  estrogen- 
replete  conditions.  T5  cells  were  pulse- 
labeled  with  [^H]  acetate  for  15  min  and 
then  chased  for  0-240  min  in  the  pres¬ 
ence  of  10  mM  sodium  but3Tate.  The  his¬ 
tones  were  resolved  by  15%  AUT-PAGE 
(60  fxg  of  protein  in  each  lane).  Panel  A, 
left,  Coomassie  Blue-stained  gel;  right,  ac¬ 
companying  fluorogram.  The  proportions 
of  total  radiolabeled  H4,  H2B,  and  H3 
associated  with  monoacetylated  form 
were  determined  by  scanning  the  fluoro- 
grams.  The  proportion  of  labeled  mono¬ 
acetylated  isoforms  (H4-Acl,  H3.2-Acl, 
and  H2B-Acl)  present  in  total  labeled  H4, 
H3  and  H2B  at  zero  time  was  arbitrarily 
set  at  100.  The  rapid  rate  of  acetylation 
was  determined  using  the  data  obtained 
from  the  0-20-min  butyrate  chase  period, 
whereas  the  slower  rate  of  acetylation 
was  determined  using  data  from  the  60- 
240-min  butyrate  chase  period  {panel  B). 


cells  incubated  with  and  without  Eg  with  antibodies  against 
highly  acetylated  H4  isoforms  showed  that  Eg  did  not  affect  the 
levels  of  highly  acetylated  H4  isoforms  in  MDA  MB  231  (data 
not  shown).  These  observations  suggest  that  the  Eg-induced 
increase  in  histone  acetylation  in  T5  cells  involves  the  ER. 

Estradiol  Does  Not  Affect  the  Rate  of  Histone  Acetylation  in 
T5  Cells — ^The  Eg-induced  increase  in  histone  acetylation  in  T5 
cells  maybe  a  consequence  of  an  increase  in  histone  acetylation 
rates,  a  decrease  in  histone  deacetylation  rates,  or  a  combina¬ 
tion  of  both.  To  determine  rates  of  acetylation,  T6  cells  were 
pulse-labeled  with  pH)  acetate  for  5  or  15  min.  After  labeling, 
the  cells  were  washed  and  incubated  at  37  in  medium  con¬ 
taining  sodium  butyrate  and  cold  acetate  for  various  times, 
chasing  label  into  highly  acefylated  histone  isoforms.  It  should 
be  noted  that  the  cells  were  grown  in  Eg-replete  conditions 
(DMEM  with  fetal  bovine  serum).  The  AUT  gel  was  stained 
with  Coomassie  Blue,  and  the  labeled  acetylated  histone  iso¬ 
forms  were  detected  by  fluorography  (Fig.  2A).  Long  AUT  poly¬ 
acrylamide  gels  were  used  in  these  experiments  to  achieve  high 
resolution  of  the  acetylated  histone  isoforms. 

A  population  of  the  acetylated  histones  is  engaged  in  dy¬ 
namic  acetylation,  whereas  the  remainder  is  “frozen”  at  various 
acetylation  states.  To  determine  the  percentage  of  histones 
that  were  being  rapidly  acetylated,  the  loss  of  unacetylated  H4 
was  plotted  as  a  function  of  time  that  the  cells  were  incubated 
with  sodium  butyrate  as  determined  by  scanning  the  Coomas¬ 
sie  Blue-stained  gels  (data  not  shown).  The  results  showed  that 
'-'10%  of  H4  were  rapidly  acetylated,  whereas  the  bulk  of  H4 
was  acetylated  at  a  slow  rate. 

The  intensities  of  labeled  H4,  H3,  and  H2B  acetylated  iso- 
forms  in  the  fluorograms  were  scanned.  Fig.  2B  shows  the  plots 
of  the  ratio  of  monoacetylated  H4,  H3.2,  and  H2B  isoforms  to 
the  total  acetylated  H4,  H3,  and  H2B,  respectively,  as  a  func¬ 
tion  of  time  in  sodium  butyrate.  The  loss  of  fluorographic  in¬ 
tensity  from  the  monoacetylated  histone  as  a  fimction  of  time 
determines  the  rates  of  histone  acetylation  (6).  Two  rates  of 
acetylation  were  observed  for  H4,  a  fast  rate  with  a  =  8  min 
and  slow  rate  with  a  =  200-350  min.  H3.2  also  had  two 
rates  of  acetylation:  a  fast  rate  with  a  =  8  min  and  a  slow 
rate  with  o.ty^  =  400  min.  The  two  acefylated  rates  for  H2B 
were  =  10  and  350  min.  These  rates  of  acetylation  are 
comparable  with  those  observed  in  rat  hepatoma  cells,  human 
fibroblasts,  and  avian  erythrocytes  (6,  18,  21), 


To  decide  whether  Eg  affects  histone  acetylation  rates,  the 
pulse-chase  experiment  was  repeated  with  T5  cells  grown  un¬ 
der  Eg-replete  (10  nM  Eg)  and  -depleted  conditions.  The  cells 
grown  under  Eg-depleted  conditions  were  incubated  with 
pHlacetate  and  ethanol  or  Eg  at  37  for  15  min,  and  chased 
in  the  same  medium  containing  10  mM  butyrate  with  ethanol  or 
Eg  for  various  times.  Electrophoresis  and  fluorography  were 
performed  as  described  previously. 

The  loss  of  imacetylated  H4  was  plotted  as  a  function  of  time 
that  the  cells  were  cultured  with  sodium  butyrate  and  with  or 
without  Eg,  as  determined  by  scanning  the  Coomassie  Blue- 
stained  gels  (data  not  shown).  The  results  showed  that  14.0  ± 
2.0  and  11.0  ±  1.0%  of  H4  (n  =  3)  was  rapidly  acetylated  in  cells 
incubated  without  and  with  Eg,  respectively. 

The  fluorograms  were  scanned,  and  the  loss  of  fluorographic 
intensity  from  the  monoacetylated  histone  as  a  fimction  of  time 
was  plotted  (Fig.  3).  The  fast  rates  of  acetylation  of  monoacety¬ 
lated  H4  were  similar  in  cells  grown  in  the  presence  or  absence 
of  Eg  {t^/i  =  8  versus  7  min,  respectively).  Additionally,  the  slow 
rates  of  acetylation  of  monoacetylated  H4  were  similar  for  cells 
grown  under  Eg-replete  and  -depleted  conditions  =  380 
versus  320  min,  respectively).  Similar  results  were  obtained  for 
H3.2  and  H2B.  These  results  show  that  Eg  does  not  affect  the 
rates  of  histone  acetylation  in  T5  cells. 

Estradiol  Affects  the  Rate  of  Histone  Deacetylation  in  T5 
Cells — The  effect  of  Eg  on  histone  deacefylation  rates  was  de¬ 
termined.  T5  cells  were  grown  in  Eg-depleted  conditions  for  3 
days.  Thirty  min  following  the  addition  of  cycloheximide,  T5 
cells  were  incubated  with  10  mM  butyrate,  pHl acetate,  and 
with  or  without  10  nM  Eg  at  37  for  2  h.  After  removal  of 
bufyrate,  cells  were  incubated  in  fresh  medium  replaced  with 
or  without  Eg  for  0-240  min  to  monitor  histone  deacetylation. 
A  comparison  of  the  fluorograms  shown  in  Fig.  4  (A  and  B) 
revealed  that  Eg-incubated  cells  had  a  slower  rate  of  deacely- 
lation  for  the  core  histones.  The  fluorograms  were  scanned,  and 
the  loss  of  fluorographic  intensity  from  the  tetra-acetylated  H4 
(Fig.  4C)  and  acetylated  H3.2  (Fig.  4D)  as  a  function  of  time 
was  plotted.  The  rate  of  deacetylation  of  tetra-aceiylated  H4 
was  rapid,  with  the  intensity  of  h3q)eracetylated  H4  decreasing 
significantly  after  20  min  following  the  removal  of  sodium 
butyrate.  The  rate  of  H4-Ac4  deacetylation  was  appreciably 
slower  in  Eg-incubated  cells.  The  rates  of  H4-Ac4  deacetylation 
were  =  8  and  3  min  for  cells  cultured  with  and  without  Eg, 
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Fig.  3.  Estradiol  does  not  affect  the  rate  of  H4  acetylation  in 
T5  cells.  The  cells  were  grown  in  estrogen-depleted  condition  for  3 
days.  T5  cells  were  pulse-labeled  with  PHJacetate  for  16  min  in  the 
presence  or  absence  of  10  nM  E2  and  then  chased  for  0-240  min  in  the 
presence  of  10  mM  sodium  butyrate.  The  histones  were  resolved  by  16% 
AUT-PAGE,  subsequently  stained  with  Coomassie  Blue,  and  fluoro- 
graphed.  The  proportions  of  total  radiolabeled  H4  associated  with 
monoacetylated  forms  (H4-Acl)  were  determined  from  scanning  of  the 
fluorograms  and  plotted  as  iimction  of  chase  time  in  the  absence  of  E2 
i~E2)  and  in  the  presence  of  10  nM  Eg  (+E2).  The  proportion  of  H4-Acl 
label  present  in  total  labeled  H4  at  zero  time  was  arbitrarily  set  at  100, 

respectively.  The  rate  of  deacetylation  of  H3.2  was  also  signif¬ 
icantly  reduced  in  E2-incubated  cells  {U^  =  6  versus  3  min  in 
cells  without  E2)  (Fig.  4D). 

T5  cells  were  grown  under  Eg-replete  conditions  for  20  min 
with  of  without  Eg,  fH]  acetate,  and  sodium  butyrate  to  com¬ 
pare  the  effect  of  Eg  on  the  hyperacetylation  state  of  histones  in 
the  absence  of  HDAC  activity.  Analysis  of  the  fluorogram 
showed  that  the  levels  of  hyperacetylated  histones  were  similar 
in  cells  grown  with  and  without  Eg  (data  not  shown).  These 
results  show  that  Eg  has  an  effect  on  histone  deacetylation,  but 
not  on  histone  acetylation,  in  T5  breast  cancer  cells. 

Estradiol  Does  Not  Affect  HDAC  Levels  or  Activity  in  T5 
Cells — The  addition  of  Eg  to  T5  cells  may  result  in  a  decline  in 
HDAC  levels  and/or  HDAC  activity.  The  levels  of  ER  and 
HDAC  in  cells  incubated  with  or  without  Eg  for  different  times 
were  analyzed  by  immunoblotting.  The  conditions  for  treating 
the  cells  were  the  same  as  those  used  in  the  deacetylation 
pulse-chase  experiments.  Fig.  5  shows  the  immunoblot  analy¬ 
ses  of  cell  lysates  with  antibodies  to  ER  and  HDACl.  After  2  h 
of  incubation  with  Eg  and  in  the  absence  of  butyrate,  ER  levels 
declined.  Note  that  this  time  period  corresponds  to  cells  being 
incubated  for  4  h  with  Eg  and  4.5  h  with  cycloheximide.  This 
result  -is  consistent  with  previous  studies  reporting  that  Eg 
increases  ER  degradation  rates  (22,  23).  However,  HDACl 
levels  were  not  altered.  Identical  results  were  obtained  with 
HDAC2,  HDAC3,  and  HDAC4  (see  Fig.  6).  Thus,  the  decrease 
in  histone  deacetylation  rates  is  not  a  consequence  of  a  decline 
in  HDAC  levels. 

Next  we  measured  HDAC  activity  in  T5  cells  incubated  with 
or  without  Eg.  The  cells  were  grown  in  Eg-depleted  medium  for 
3  days  and  incubated  in  the  presence  or  absence  of  10  nM  Eg  for 
20  min.  The  HDAC  activity  in  the  lysates  from  cells  incubated 
with  and  without  Eg  were  identical  (data  not  shown).  Thus,  Eg 
does  not  have  an  effect  on  the  HDAC  levels  and  activity  in  T5 
cells. 

Estradiol  Affects  the  Subcellular  Distribution  ofER,  but  Not 
HDAC,  in  T5  Cells — Our  studies  presented  above  demon¬ 
strated  that  the  Eg-induced  reduction  in  histone  deacetylation 
rates  was  not  a  consequence  of  an  alteration  in  HDAC  levels  or 


activity.  We  tested  the  idea  that  Eg  altered  the  subcellular 
distribution  of  HDAC.  Cells  were  lysed  in  TNM  buffer  without 
any  detergents  to  minimize  loosely  bound  nuclear  proteins 
from  leaking  out  of  the  nuclei.  The  nuclei  were  resuspended  in 
TNM  buffer  with  0.5%  Triton  X-100  and  incubated  on  ice  to 
release  loosely  bound  nuclear  proteins  (Triton-S  fraction).  The 
resulting  pellet  contained  the  tightly  bound  nuclear  proteins, 
which  includes  proteins  associated  with  the  nuclear  matrix 
(Triton-P). 

The  distribution  of  ER  in  the  cell  fractions  from  the  cells 
treated  with  or  without  Eg  for  20  min  was  determined  by 
immunoblot  analyses.  ER  levels  in  the  lysates  from  cells  incu¬ 
bated  with  and  without  Eg  did  not  change  (Fig.  6A,  compare 
lane  1  with  lane  G).  Most  ER  was  in  the  nuclear  fraction. 
However,  the  cytosol  fraction  from  cells  incubated  without  Eg 
had  higher  levels  of  ER  than  did  the  corresponding  fraction 
from  cells  incubated  with  Eg.  As  ER  is  located  primarily  in  the 
nucleus,  the  ER  in  cytosol  represents  ER  that  was  loosely 
bound  in  the  nucleus.  Fractionation  of  the  nuclear  proteins  into 
those  that  were  loosely  bound  from  those  that  were  tightly 
boimd  revealed  a  shift  in  the  intranuclear  partitioning  of  ER 
following  the  addition  of  Eg.  Comparison  of  the  ER  levels  in  the 
Triton-S  and  Triton-P  fractions  showed  that,  after  20  min  Eg, 
ER  became  tightly  bound  to  the  nucleus.  This  observation  is 
agreement  with  previous  reports  (10,  15).  Further,  others  and 
we  have  demonstrated  that  the  tightly  bound  form  of  ER  is 
associated  with  the  nuclear  matrix  (10,  15). 

The  distribution  of  class  I  HDACs  among  the  cellular  frac¬ 
tions  was  determined  by  immunoblot  analyses  with  antibodies 
against  human  HDACl,  HDAC2,  and  HDAC3.  Fig.  6A  shows 
that  Eg  had  little  affect  on  the  fractionation  of  these  HDACs. 
Most  HDACl  and  HDAC2  were  present  in  the  nuclei.  Triton 
X-100  released  only  a  small  amount  of  HDACl  and  HDAC2 
from  the  nuclei.  In  low  stringency  immimoprecipitation  exper¬ 
iments,  we  found  that  most  HDAC2  was  in  complex  with 
HDACl.  However,  HDACl  was  in  excess  of  HDAC2;  thus,  a 
population  of  HDACl  is  not  in  complex  with  HDAC2.  Further, 
we  found  that  both  HDACl  and  HDAC2  were  associated  with 
the  nuclear  matrix  (data  not  shown).  HDAC3  was  also  in  the 
nuclear  fraction,  and  approximately  half  of  HDAC3  was  asso¬ 
ciated  with  the  tightly  bound  nuclear  protein  fraction.  This 
result  agrees  with  the  findings  that  HDACl  and  -2  exist  in 
different  complexes  than  those  that  contain  HDAC3  (1). 
HDAC3  was  associated  with  the  nuclear  matrix  (data  not 
shown).  In  contrast  to  the  class  I  HDACs,  the  class  11 HDAC4 
was  found  exclusively  in  the  loosely  bound  nuclear  protein 
fraction  (Fig.  6).  It  is  possible  that  the  HDAC3  in  this  fraction 
is  in  complex  with  HDAC4  (24).  As  expected  from  the  lack  of 
HDAC4  in  the  Triton-P  fraction,  HDAC4  was  not  associated 
with  the  nuclear  matrix  (data  not  shown).  However,  as  with  the 
class  I  HDACs,  Eg  did  not  have  an  effect  on  the  fractionation  of 
HDAC4. 

The  immunoblot  analyses  showed  the  fractionation  of  sev¬ 
eral  known  HDACs.  However,  the  HDAC  family  of  proteins  is 
complex  (1).  Thus,  we  measured  HDAC  activities  in  the  nuclei 
and  nuclear  fractions,  Triton-S  and  Triton-P.  Fig.  6J5  shows 
that  most  nuclear  HDAC  activity  was  present  in  the  tightly 
bound  nuclear  fraction  and  that  Eg  did  not  affect  the  distribu¬ 
tion  of  nuclear  HDAC  activity. 

Estradiol  Affects  the  Subcellular  Distribution  of  Histone 
Acetyltransferases  in  T5  CeZZs— An  Eg-induced  alteration  in  the 
subcellular  trafficking  of  HATs  may  also  change  the  histone 
deacetylase  rates  (see  *Discussion”).  HAT  activity  assays  were 
done  with  cell  lysate,  c3ftosol,  nuclei,  loosely  bound,  and  tightly 
bound  nuclear  fractions  from  T5  cells  incubated  with  and  with¬ 
out  Eg.  Fig.  7A  shows  that  the  HAT  activity  in  the  lysed  cell 
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Fig.  4.  Estradiol  affects  the  rate  of  histone  deacetylation  in  T5  cells.  The  cells  were  incubated  with  10  mM  sodium  butyrate  and 
l^H]  acetate  in  the  presence  or  absence  of  10  nM  E2  for  120  min,  and  then  chased  for  0-240  min  in  the  absence  of  butyrate.  The  histones  were 
resolved  by  AUT 15%  PAGE,  subsequently  stained  with  Coomassie  Blue,  and  fluorographed  (-E2,  panel  A\  +E2,  panel  B).  The  proportions  of  total 
radiolabeled  H4  associated  with  the  tetra-acetylated  form  (H4-Ac4)  were  determined  from  scanning  of  the  iluorograms,  and  plott^  as  function  of 
chase  time  in  the  absence  of  E2  (-B2)  and  in  the  presence  of  10  nM  E2  {+E2)  (panel  C),  The  proportion  of  H4-Ac4  label  present  in  total  H4  at  zero 
time  was  arbitrarily  set  at  100.  Panel  D  shows  the  total  fluorographic  intensity  of  labeled  H3.2  as  a  function  of  time  that  cells  were  chased  in  the 
presence  or  absence  of  10  nM  E2.  The  intensity  of  H3.2  at  zero  time  was  arbitrarily  set  at  100.  The  acetylated  isoforms  of  H4  are  indicated.  0, 1, 
2,  3,  and  4  correspond  to  un-,  mono-,  di-,  tri-,  and  tetra-acetylated  isoforms,  respectively. 


Fig.  5.  Estradiol  affects  the  degradation  of  the  estrogen  recep¬ 
tor  but  not  HDACl  in  T6  cells.  T6  cells  previously  incubated  with 
cycloheximide  for  30  min  were  incubated  with  10  mM  sodium  butyrate, 
cycloheximide  and  with  or  without  10  nM  E2  for  2  h.  After  butyrate 
removal,  the  cells  were  incubated  in  the  same  medium  without  butyrate 
for  0-240  min.  The  cells  (0.5  X  10®)  were  lysed  in  SDS  lysis  buffer. 
Equal  volumes  of  cell  lysates  were  loaded  on  10%  SDS-polyaciylamide 
gels.  The  resolved  proteins  were  transferred  onto  nitrocellulose  mem¬ 
branes  and  immunochemically  stained  with  anti-ERa  and  anti-HDACl 
antibodies. 

fractions  from  cells  treated  with  or  without  E2  did  not  signifi¬ 
cantly  change.  However,  the  HAT  activity  of  nuclei  from  cells 
incubated  with  E2  was  greater  than  that  of  nuclei  from  cells 


grown  without  Eg  (Fig.  7B),  Fractionation  of  the  nuclear  frac¬ 
tion  showed  both  the  loosely  bound  and  tightly  bound  nuclear 
proteins  had  HAT  activity.  However,  the  tightly  bound  nuclear 
proteins  demonstrated  a  differential  HAT  activity  with  prepa¬ 
rations  isolated  from  cells  grown  with  and  without  Eg.  After  20 
min  of  E2  incubation,  there  was  an  increase  in  the  HAT  activity 
associated  with  the  Triton-P,  tightly  bound  nuclear  protein 
fraction. 

Immimoblot  analysis  with  antibodies  to  known  HATs  was 
done  with  the  intent  to  identify  the  HAT  responsible  for  the 
increased  activity  in  the  Triton-P  fraction  of  Eg-incubated  cells. 
SRC-1  was  located  primarily  in  the  nuclear  fraction  (Fig.  70. 
Triton  X-100  released  less  SRC-1  from  nuclei  in  cells  treated 
with  Eg  than  from  nuclei  of  cells  treated  without  Eg  (Fig.  7C, 
compare  lane  4  with  lane  5,  and  lane  9  with  lane  10).  These 
results  with  SRC-1  are  in  agreement  with  those  of  Mancini  and 
coDeagues  (10),  who  analyzed  the  effect  of  Eg  and  ER  on  the 
subnuclear  trafficking  of  a  bioluminescent  derivative  of  SRC-1 
in  HeLa  cells. 

The  partitioning  of  SRC-3  (A1B1/RAC3/ACTR)  was  similar  to 
that  of  SRC-1,  except  that  SRC-3  was  also  detected  in  the 
C3ftosol  fraction  (Fig.  70.  Following  20  min  of  incubation  with 
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Fig.  6.  Estradiol  affects  the  intranuclear  distribution  of  ER, 
but  not  HDAC,  in  T6  cells.  T6  cells  were  cultured  with  or  without  10 
nM  Eg  at  37  ®C  for  20  min.  Equal  volumes  (10  /xl)  of  cell  fractions:  cell 
lysate  (la?ies  1  and  6),  cytosol  (laTies  2  and  7),  nuclei  {lanes  3  and  8\ 
Triton-S  {lanes  4  and9\  and  Triton-P  (lanes  5  and  10\  were  loaded  onto 
SDS  10%  polyaciylamide  gels  and  transferred  to  nitrocellulose  mem¬ 
branes.  Anti-ERa,  ^ti-HDACl,  anti-HDAC2,  anti-HDACJ3,  and  anti- 
HDAC4  antibodies  immunochemically  stained  membranes  are  shown 
in  panel  A.  Equal  volumes  (20  pX)  of  cell  fractions  were  used  to  do  the 
HDAC  enzyme  activity  assays.  Panel  B  shows  the  HDAC  activity  in  the 
nuclei,  Triton-S,  and  Triton-P  fractions. 

E2,  there  was  an  increased  amount  of  SRC-3  in  the  Triton-P 
fraction. 

The  effect  of  Eg  on  the  subcellular  distribution  of  the  HATs 
CBP,  PCAF-A,  and  PCAF-B  (long  form  of  Crcn5j  Ref.  25)  was 
also  determined.  Fig.  7C  shows  that  Eg  did  not  affect  the 
distribution  t)f  these  HATs  among  the  cellular  fractions.  Most 
CBP,  PCAF-A,  and  PCAF-B  were  present  in  the  tightly  bound 
nuclear  protein  fraction,  suggesting  that  these  transcriptional 
coactivators/HATs  are  predominantly  associated  with  the  nu¬ 
clear  matrix.  Indeed,  we  observed  that  these  HATs  were  asso¬ 
ciated  with  the  nuclear  matrix  (data  not  shown).  These  studies 
show  that  E2  has  an  effect  on  the  intranuclear  distribution  of 
SRC-1  and  SRC-3,  but  not  CBP,  PCAF-A,  and  PCAF-B,  in  T5 
cells. 


DISCUSSION 

Estradiol  rapidly  elevates  the  level  of  acefylated  histones  in 
ER-positive,  hormone-dependent,  but  not  in  ER-negative,  hor¬ 
mone-independent  breast  cancer  cells.  Our  results  are  in  strik¬ 
ing  contrast  to  those  of  Pasqualini  et  al.  (16),  who  observed  a 
decrease  in  histone  acetylation  following  a  20-min  incubation  of 
MCF-7  cells  with  estradiol.  Differences  in  media  conditions, 
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Fig.  7.  Estradiol  affects  the  subcellular  distribution  of  histone 
acetyltransferases  in  T6  ceUs.  Cell  fractions  were  obtained  from  T5 
ceUs  cultured  with  or  without  E2  (37  for  20  min).  Panels  A  and  B, 
equal  volumes  (20  p\)  of  cellular  fractions  were  used  in  the  HAT  activity 
assay.  Panel  A  shows  the  HAT  activity  in  cell,  cytosol  and  nuclei 
fractions.  The  distribution  of  HAT  activity  in  nuclei,  Triton-S,  and 
Triton-P  fractions  is  shown  in  panel  B.  Panel  C,  equal  volumes  (10  p\) 
of  cell  fractions,  cell  lysate  (lanes  I  and  6),  cytosol  (lanes  2  and  7),  nuclei 
(lanes  3  and  3),  Tnton-S  (lanes  4  and  9),  and  Triton-P  (lanes  5  and  10), 
were  loaded  onto  10%  SDS-polyaciylamide  gels  and  transferred  to 
nitrocellulose  membranes.  Antibodies  against  human  ERa  SRC-1 
SRC-3,  CBP,  PCAF-A,  and  PCAF-B  were  used  to  immunochemically 
stain  the  membranes. 

histone  isolation  procedure,  and  the  addition  of  a  protein  syn¬ 
thesis  inhibitor  during  the  labeling  period  may  explain  the 
discrepancy  in  results. 

Approximately  60-70%  of  H4  and  H3  were  acetylated  in 
human  breast  cancer  T5  cells.  These  acelylated  histones  fall 
into  at  least  three  groups:  those  that  are  “frozen”  in  an  acety¬ 
lated  state,  those  that  are  rapidly  acetylated  and  deacetylated, 
and  those  that  are  slowly  acetylated  and  deacetylated.  The 
latter  group  comprises  the  bulk  of  the  dynamically  acetylated 
histones.  The  rapidly  acetylated  and  deacetylated  histones  rep¬ 
resent  -10%  of  the  dynamically  acetylated  histones  in  T5  cells. 
The  rapidity  of  the  effect  of  E2  on  histone  acetylation  suggests 
that  histones  undergoing  rapid  acetylation  and  deacetylation 
are  the  population  of  dynamically  acetylated  histones  being 
most  affected  (4). 

Our  results  suggest  that  Eg  decreased  the  rates  of  histone 
deacetylation,  but  had  no  effect  on  histone  acetylation  rates,  in 
T5  cells.  Analyses  of  the  activities  of  HDACs  and  HATs  showed 
that  the  net  activities  of  either  group  of  ensiymes  were  not 
affected  by  E2.  However,  biochemical  fractionation  studies  in¬ 
dicated  that  the  intranuclear  distribution  of  HATs,  including 
SRC-1  and  SRC-3,  were  affected  by  E2.  When  presented  with 
E2,  ER  rapidly  locates  to  specific  nuclear  matrix  sites,  binds  to 
estrogen  response  elements  (EREs),  and  recruits  with  it  SRC-1 
and  SRC-3  (10, 12-16)  (Fig.  8).  As  SRC-1  and  SRC-3  acetylate 
primarily  H3,  other  HATs  that  acetylate  the  other  core  his¬ 
tones  would  also  be  recruited  by  ER  bound  to  E2  to  account  for 
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Fig.  8.  Model  el^ect  of  ER  in  altering  distribution  of  HATs  and  histone  acetylation  in  human  hreast  cancer  cells.  A,  in  the  absence 
of  estradiol,  histone  acetyl  transferases  (CBP,  SRC-1,  SRC-3,  PCAF)  are  located  in  chromatin  regions  that  also  have  histone  deacetylases  ie.g. 
complexes  with  HDACl  and  2).  Upon  addition  of  estradiol,  ER  is  recruited  to  nuclear  matrix  sites  and  associates  with  estrogen  response  elements. 
Ligand-bound  ER  recruits  histone  acetyltransferases  away  from  other  nuclear  regions  and  alters  the  balance  of  histone  acetyltransferases  and 
deacetylases  in  chromatin  regions  associated  with  ER. 


the  increased  acetylation  of  H2B  and  H4  that  we  observe. 
Elegant  studies  by  the  Evans  and  Brown  groups  (13,  14)  dem¬ 
onstrate  that  CBP  is  recruited  to  EREs.  CBP  will  acetylate  the 
four  core  histones  (3,  26).  However,  our  biochemical  fraction¬ 
ation  studies  were  unable  to  detect  Eg-induced  intranuclear 
redistribution  of  CBP.  Possibly,  ER  and  the  EREs  are  recruited 
to  the  nuclear  matrix  sites  containing  CBP  (27). 

It  is  interesting  to  note  that  most  characterized  EREs  of 
breast  cancer  estrogen-responsive  genes  have  the  ERE  {Vz)  {N)x 
Spl  (a  half-site  ERE  positioned  next  to  a  Spl  site)  motif  ERE 
(28).  It  has  been  determined  experimentally  that  there  are 
1.86  X  10®  ER  molecules/cell  in  T5  cells  (29).  Thus,  ER  is  in  far 
excess  to  estrogen-responsive  genes.  The  association  of  Spl 
with  ER  presents  the  possibility  that  Spl  will  recruit  ER  to  Spl 
sites  in  promoters  and  enhancers  (30).  Further,  we  have  found 
that,  as  with  ER-E2,  Spl  is  associated  with  the  nuclear  matrix 
of  T5  cells.  It  is  conceivable  that  by  binding  to  nuclear  matrix 
site  ER  when  bound  to  E2,  ER  alters  the  balance  of  HATs  and 
HDACs  and  the  dynamics  of  acetylation  of  histones  associated 
with  transcriptionally  active  and  competent  chromatin 
domains. 

We  have  shown  previously  that  HAT  and  HDAC  activities 
are  associated  with  the  nuclear  matrix  (7,  9,  20).  In  this  study 
we  foimd  that  HDACl,  -2,  and  -3,  but  not  HDAC4,  are  bound  to 
the  nuclear  matrix  of  human  breast  cancer  T5  cells.  Further, 
we  observed  that  the  HATs  CBP,  PCAF-A,  and  PCAF-B  are 
nuclear  matrix-associated,  and  Mancini  and  colleagues  (10) 
reported  that  SRC-1  is  bound  to  this  nuclear  substructure.  We 
have  proposed  a  model  in  which  nuclear  matrix-associated 
HATs  and  HDACs  mediate  a  djmamic  attachment  between 
transcriptionally  active  chromatin  domains  and  the  nuclear 
matrix.  In  support  of  this  model,  we  recently  reported  that  the 
d3mamically  rapidly  acetylated  and  deacetylated  histones,  re¬ 
ferred  to  as  class  1  acetylated  histones,  are  bound  to  nuclear 
matrix-associated  coding  regions  of  transcriptionally  active 
and  competent  genes  in  avian  immature  erythroc3i:es  (5).  Fur¬ 
ther,  we  have  shown  that  highly  acetylated  H3  and  H4  are 
bound  to  the  coding  regions  of  E2-inducible  ER  and  c-myc  genes 
(31).  Although  the  dynamics  of  the  histones  associated  with 
these  genes  were  not  determined,  our  work  and  that  of  Gnm- 
stein's  ^oup  suggest  that  these  histones  are  dynamically 
acetylated  by  HATs  and  HDACs  (2,  5,  7,  20).  We  propose  that 


ER  bound  to  E2  alters  the  balance  of  HATs  and  HDACs  at 
specific  nuclear  matrix  sites,  which  are  associated  with  tran¬ 
scriptionally  active  and  competent  chromatin  regions  in  T5 
cells.  When  boimd  to  Eg,  ER  would  recruit  HATs  altering  the 
balance  of  HATs  and  HDACs  at  those  sites.  The  HDACs  at 
these  sites  would  be  confronted  with  greater  amounts  of  acety¬ 
lated  histone  substrates,  requiring  a  longer  time  to  deacetylate 
the  acetylated  histones  (Fig.  8).  Hence,  this  may  explain  the 
slower  rates  of  deacetylation  in  cells  incubated  with  Eg  and  the 
increase  in  the  level  of  dynamically  acetylated  histones. 
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Isolation  of  Proteins  Cross-linked  to  DNA  by  Cisplatin 

Virginia  A.  Spencer  and  James  R.  Davie 

■i' 

1.  introduction 

One  way  of  identifying  and  further  characterizing  transcription  factors  is  to  study 
their  association  with  DNA  in  situ.  Many  studies  have  performed  this  task  using  agents 
such  as  formaldehyde  that  crosslink  proteins  to  DNA.  However,  the.  treatment  of  cells 
with  agents  such  as  formaldehyde  results  in  the  cross-linking  of  protein  to  DNA,  and 
protein  to  protein.  Thus,  proteins  cross-linked  to  DNA  binding  proteins  may  be  mis¬ 
interpreted  as  DNA  binding  proteins.  To  overcome  this  obstacle,  researchers  have 
focussed  their  attention  on  cisplatin  (cu-DDP;  c/j-platinum  (n)dianuninedichloride),  a 
cross-linking  agent  shown  to  crosslink  protein  to  DNA  and  not  to  protein  (1).  Recent 
studies  have  shown  that  the  majority  of  proteins  cross-linked  to  DNA  by  cisplatin  in 
situ  are  nuclear  matrix  proteins  (2-4).  We  have  also  shown  that  cisplatin  cross-links 
nuclear  matrix-associated  transcription  factors  and  cofactors  to  DNA  in  the  MCF-7 
human  breast  cancer  cell  line  (5).  Thus,  cisplatin  appears  to  be  an  effective  cross-link¬ 
ing  agent  for  studying  the  role  of  transcription  factors  and  nuclear  matrix  proteins  in 
transcription.  In  support  of  this,  we  have  discovered  cisplatin  DNA-cross-linked  nuclear 
matrix  (NM)  proteins  whose  levels  vary  between  well  and  poorly  differentiated  humrm 
breast  cancer  Cell  lines  (6).  Such  changes  in  protein  levels  indicate  that  breast  cancer 
development  most  likely  involves  changes  in  DNA  organization,  and,  likely,  changes 
in  transcriptional  events.  Currently  used  nuclear  matrix  protein  extraction  protocols 
have  been  effective  in  identifying  diagnostic  NM  protein  markers  for  bladder  cancer 
detection  (7).  Thus,  the  isolation  of  cisplatin  DNA-cross-linked  proteins  is  a  comple- 
,  mentary  approach  to  these  nuclear  matrix  extraction  protocols,  which  may  also  be  use- 

^  '  fill  in  the  detection  of  additional  nuclear  matrix  proteins  for  cancer  diagnosis. 

This  chapter  provides  a  detailed  description  of  the  isolation  of  proteins  cross-linked 
"  to  DNA  by  cisplatin.  The  method  is  similar  to  that  previously  published  by  Ferraro  and 

colleagues  (8).  In  addition,  this  method  has  been  successfully  performed  on  human 
breast  cancer  cells  arid  avian  erythrocytes.  (5ec  Fig.  1). 


2.  Materials 

All  solutions  are  prepared  fresh  from  anal3dical  grade  reagents  dissolved  in  double- 
distilled  water.  1  mM  Phenylmethylsulfonyl  flouride  (PMSF)  was  added  to  all  solu- 
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MW 

(kDa) 


♦ 


pi 


6.0 


5.0 


4,0 


_  Hn  - Two-dimension  gel  electrophoresis  profile  of  cisplatin  DNA-cross-linked  proteins 
Thirty  micrograms  of  proteins  cross-linked  to  DNA  in  situ  by  cisplatin  in  MCF-7  humL  breast 

with  silver.  K8.  K1 8,  and  K19  represent  cytokeraUns  8. 18,  and  19,  respectively.  The  transcrin- 
on  factor  hnRM>K  is  designated  as  hK.  The  position  of  the  carbamylated  forms  of  carbonic 


2. 


doubk®(hIS  W^ef^’  ^  (137  milf),  and  0.5  g  D-glucose  (5.6  ^  in  500  mL  of 

"Hato  buffer  with  Na  acetate  instead  of  NaCl:  Refer  to  recipe  for  Haliks  buffer  except 
replace  the  NaCl  with  9.3  g  sodium  acetate  (137  mM).  ^ 

1  mM  Cisplatin  Cross-linking  Solution:  Add  0.003  g  of  cisplatin  (cis-platinum  flD- 

of^r  containing  sodium  acetate  instead 

of  NaCl.  Cover  the  soluuon  with  foil  to  protect  the  cisplatin  from  the  light  and  stir  over 

tiiTsoM^l^^f^™''  is  dissolved,  keep 

the  solution  at  rwm  temperature  in  a  foil-covered  or  amber  bottle  (see  Notes  1-3). 

l/ri  nx^t  1/:  ^  ®  guanidine  hydrochloride  (2  M),  and  58  5  g 

NaCl  (2  M)  to  16  mL  of  1  3/  KH2PO4  and  84  mL  of  1  M  K2HPO4  (200  mM  potassium 
phosphate  buffer,  pH  7.5).  Stir  while  heating  solution  to  approx.  50°C  to  speed  solubi- 


Proteins  Cross-linked  to  DNA  by  Cisplatin 


749 


lization,  make  up  to  500  mL  with  double  distilled  water,  and  filter  solution  with  1  M 
Whatman  filter  (see  Note  4). 

5.  Hydroxyapatite  preparation:  Weigh  out  1  g  of  hydroxyapatite  Bio-Gel®  HTP  Gel  (Bio- 
Rad,  CA)  for  every  4  mg  of  total  cellular  DNA  in  the  ceU  lysate,  as  determined  by  Ajso 
measurements.  Place  hydroxyapatite  into  a  30  mL  polypropylene  tube  and  pre-equiUbrate 
the  hydroxyapatite  by  suspending  the  resin  in  6  vol  of  lysis  buffer.  Gently  invert  the  resin 
in  the  lysis  buffer  to  mix,  let  the  resin  settle  for  approx  20  min  on  ice,  then  decant  the  lysis 
buffer  off  the  hydroxyapatite  (see  Notes  5,6). 

6.  Reverse  lysis  buffer:  Add  3.8  g  Thiourea  (1 M),  9.55  g  guanidine  hydrochloride  (2  Af)  and 
5.85  g  NaCl  (2  M),  to  1.6  mL  1  M KH2PO4  and  8.4  mL  1  MK2HPO4  (200  mM potassium 
phosphate  buffer,  pH  7.5).  Stir  while  heating  solution  to  approx.  50“C,  make  up  to  50  mL 
with  double  distilled  water. 

3.  Methods 

3. 1.  Isolation  of  Cisplatin  DNA-Cross-linked  Proteins 

1.  Rinse  1  x  10’  cells  in  30  mL  of  cold  Hank’s  buffer. 

2.  Centrifuge  at  50g  for  5  min  at  room  temperature. 

3.  Repeat  the  rinse  two  more  times. 

4.  Decant  the  Hank’s  buffer  from  the  cell  pellet  and  add  10  mL  of  1  mM  cisplatin  solution  to 
the  pellet 

5.  Incubate  at  37°C  for  2  h  with  shaking, 

.  6.  Centrifuge  at  5Qg  for  5  min  at  room  temperature. 

7.  Resuspend  the  cell  pellet  in  10  mL  of  cold  lysis  buffer,  and  store  on  ice. 

8.  Measure  the  A260  of  10  pL  of  the  cell  lysate  and  use  ^s  value  to  determine  the  grams  of 
hydroxyapatite  required  for  DNA  isolation  (see  Notes  6,  8,  and  9). 

9.  Preequilibrate  the  hydroxyapatite  in  a  30TmL  tube. 

Transfer  the  cell  lysate  into  the  tube  containing  the  preequilibrated  hydroxyapatite,  and 
mix  by  gentle  inversion  until  all  the  hydroxyapatite  is  resuspended. 

11.  Incubate  1  h  at  4®C  on  an  orbitron. 

12.  Centrifuge  at  5000g  for  5  min  at  4°C. 

13.  Remove  the  supernatant  that  contains  proteins  not  cross-linked  to  DNA. 

14.  Wash  the  hydroxyapatite  resin  with  20  mL  of  ice-cold  lysis  buffer  by  gentle  inversion 
until  the  resin  is  completely  resuspended. 

15.  Centrifuge  the  washed  resin  at  5000g  for  5  min  at  4°C. 

16.  Repeat  this  wash  two  more  times. 

17.  Add  10  mL  of  cold  reverse  lysis  buffer  to  the  hydroxyapatite  resin. 

18.  Incubate  at  4°C  for  2  h  on  the  orbitron  to  reverse  the  crosslink  between  the  protein  and 
resin-bound  DNA. 

1 9.  Centrifuge  the  hydroxyapatite  resin  at  5000g  for  5  min  at  4°C. 

20.  Carefully  remove  the  supernatant  and  place  it  in  dialysis  tubing  that  has  been  soaked  in 
distilled  water  for  at  least  30  min. 

21 .  Dialyze  the  protein  sample  at  4°C  against  four  2-L  changes  of  double-distilled  water  over 
a  24-h  period.  Include  D.5  mM  PMSF  in  the  first  change  of  double-distilled  water  (see 
Notes  10  and  11). 

22.  Transfer  the  dialyzed  solution  from  the  dialysis  tubing  to  a  13-mL  centffuge  tube,  and 
freeze  at  -80°C  until  the  solution  is  completely  frozen. 

23.  Lyophilize  the  solution  to  a  dry  powder. 

24.  Resuspend  the  dry  powder  in  100  ^iL  of  8  M  urea  and  store  at  ~20''C  (Fig.  1). 
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4.  Notes 

1.  The  conditions  for  cisplatin  cross-linking  and  protein  isolation  may  vary  for  other  cell 
types. 

2.  NaCl  is  excluded  from  the  cross-linking  solution  because  chloride  ions  impair  the  effi- 
ciency  of  the  cross-linking  reaction  by  competing  with  cisplatin  for  cellular  proteins  (9) 

3.  Human  breast  cancer  cells  treated  with  1  pil/ cisplatin  display  a  drastic  decrease  in  ceU 
number  after  2  h.  Thus,  aprolonged  incubation  time  (i.e.,  >  2  h)  in  the  presence  of  cisplatin 

activation  of  pro-apoptotic  proteins  involved  in  protein  degradation  (5). 

4.  Tulterihg  the  lySs  solution  with  IM  Whatman  filter  paper  will  remove  particulates  that 
may  interfere  with  Ajso  measurements. 

5 .  Hydroxyapatite  is  a  calcium  phosphate  resin  that  binds  to  the  phosphate  backbone  of  DNA 

6.  One  gram  of  hydroxyapatite  is  used  for  every  4  mg  of  genomic  DNA  in  the  ceU  lysate  as 
determined  by  Ajeo  measurements,  as  this  ratio  has  been  shown  previously  in  our  labora¬ 
tory  to  bind  all  cellular  DNA  with  approx  100%  efficiency  (data  not  shown). 

7.  Gentle  inversion  of  the  hydroxyapatite  resin  is  important  to  avoid  damaging  the  intemitv 

of  the  resin.  ^ 

8.  For  measuring  the  Aago  of  the  cell  lysate,  transfer  10  pL  of  cell  lysate  into  a  tube  contain- 
ing  990  fiL  of  lysis  buffer. 

9.  For  determining  an  approximate  amount  of  total  cellular  DNA  within  the  lysate,  the 
following  equation  is  used. 

10.  The  porosity  of  the  dialysis  tubing  will  depend  on  the  size  of  the  protein  of  interest. 

1 1 .  Dialysis  tubing  should  be  soaked  in  distilled  water  for  at  least  30  min  before  use. 

Azeo  X  50  pg/mL  x  100  x  10  mL/1000  pg/mg  of  DNA 

One  A260  unit  represents  50  mg  of  DNA/mL  of  cell  lysate;  thus  the  absorbance  reading  is 
first  multipUed  by  50  and  then  by  the  dilution  factor  (i.e..  100)  to  determine  the  micro¬ 
grams  of  DNA  in  1  mL  of  cell  lysate.  The  resulting  value  is  multiplied  by  the  total  volume 
of  cell  lysate  (i.e.,  10  mL)  to  determine  the  total  micrograms  of  DNA  in  the  cell  lysate  and 
then  divided  by  1000  to  convert  this  value  into  milligrams  of  DNA.  The  determined 
amount  of  cellular  DNA  is  considered  only  an  approximation,  as  the  cell  lysate  contains 
some  proteins  with  a  peak  absorption  at  260  nm. 
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Isolation  of  Proteins  Cross-iinked 
to  DNA  by  Formaldehyde 

Virginia  A.  Spencer  and  James  R.  Davie 


1.  Introduction 

Formaldehyde  is  a  reversible  cross-linker  that  will  cross-link  protein  to  DNA,  RNA, 
or  protein  (1).  Because  of  its  high-resolution  (2  A)  cross-linking,  formaldehyde  is  a 
useful  agent  to  cross-link  a  DNA  binding  protein  of  interest  to  DNA.  For  example, 
formaldehyde  has  been  used  to  cross-link  proteins  to  DNA  in  studies  fine-mapping  the 
distribution  of  particular  DNA  binding  proteins  along  specific  DNA  sequences  (1,2). 

When  applied  to  a  cell,  formaldehyde  will  initially  begin  to  cross-link  protein  to 
DNA.  As'the  time  of  exposure  to  formaldehyde  increases,  proteins  become  cross-linked 
to  one  another.  Soluble  cellular  components  become  more  insoluble  as  they  become 
cross-linked  to  one  another  and  to  the  insoluble  cellular  material.  Sonication  is  most 
commonly  used  to  release  cross-linked  DNA-protein  complexes  from  the  insoluble 
nuclear  material.  Excessively  cross-linking  a  cell  with  formaldehyde  will  cause  nuclear 
DNA  cross-linked  to  protein  to  become  trapped  within  the  insoluble  nuclear  material. 
Such  an  event  will  protect  this  cross-linked  DNA  from  breakage  by  sonication.  More¬ 
over,  the  efficiency  of  formaldehyde  DNA-protein  cross-linking  varies  with  cell  type  (3). 
Therefore,  two  parameters  must  be  considered  when  using  formaldehyde  as  an  agent 
for  cross-linking  DNA  to  a  protein  of  interest:  the  release  of  DNA  from  the  insoluble 
nuclear  material  after  cross-linking  and  the  extent  of  sonication  of  cross-linked  cells. 
This  chapter  describes  an  approach  for  determining  the  optimal  formaldehyde  cross- 
linking  conditions  of  a  cell  and  for  isolating  proteins  cross-linked  to  DNA  by  formaldehyde. 
(5eeFig.l). 

2.  Materials 

All  solutions  are  prepared  from  analytical  grade  reagents  dissolved  in'double- 
distilled  water.  1  roM  phenylmethylsulfonyl  fluoride  (PMSF)  was  added  to  all  solu¬ 
tions  immediately  before  use.  All  solutions  were  cooled  on  ice  before  use. 

1.  RSB  buffer:  Add  10  mL  of  1  M  Tris-HCl,  pH  7.5  (10  roM),  and  2.5  inL  of  4  M  NaCl 
(10  xqM)  to  approx  800  mL  of  double-distilled  water.  Adjust  the  pH  to  7.5  with  NaOH 
then  add  0.75  mL  of  4  M  MgCl2  (3  mM).  Readjust  the  pH  if  necessary,  then  make  volume 
up  to  1  L  with  double-distilled  water. 
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2.  Hepes  buffer:  Add  2.38  g  of  Hepes  (10  mM),  and  2.5  mL  of  4  M  NaCl  (10  mM)  to 
800  mL  of  double-distilled  water.  Adjust  the  pH  to  7.5  with  NaOH  then  add  0.75  mL  of 
4  M  MgClj  (3  mM).  Re-adjust  the  pH  if  necessary,  then  make  volume  up  to  1  L  with 

double-distilled  water.  co  c 

3  Lysis  buffer:  Add  150  g  urea  (5  M),  95.5  g  guanidine  hydrochlonde  (2  M),  and  58.5  g 

■  NaCl  (2  M)  to  16  mL  of  1  M  KH2PO4  and  84  mL  of  1  M  K2HPO4  (200  mM  potassium 
phosphate  buffer,  pH  7.5).  Stir  while  heating  solution  to  approx.  50°C  to  speed  up  solubi¬ 
lization,  make  up  to  500  mL  with  double  distilled  water,  and  filter  solution  with  1  M 
Whatman  filter. 

4.  Dounce  homogenizer  (for  20-mL  sample  volume). 

5.  Hydroxyapatite  preparation:  Weigh  out  1  g  of  hydroxyapatite  Bio-Gel  HTP  Gel 
(Bio-Rad  CA)  for  every  4  mg  of  total  cellular  DNA  in  the  cell  lysate,  as  determined 
by  A260  measurements.  Place  hydroxyapatite  into  a  30-mL  polypropylene  tube  and 
preequilibrate  the  hydroxyapatite  by  suspending  the  resin  in  six  volumes  of  lysis  buffer. 
Gently  invert  the  resin  in  the  lysis  buffer  to  mix,  let  the  resin  settle  for  approx  20  min  on 
ice,  and  then  decant  the  lysis  buffer  off  the  hydroxyapatite. 

3.  Methods 

3.1.  Formaldehyde  Cross-linking  of  Immature 
Chicken  Erythrocyte  Nuclei 

This  procedure  was  performed  on  immature  chicken  erythrocytes  isolated  from  adult 
white  Leghorn  chickens  treated  with  phenylhydrazine. 

1.  2  mL  of  packed  erythrocytes  are  resuspended  in  15  mL  of  RSB  buffer  containing  0.25% 
Nonidet  P-40  (NP-40). 

2.  The  cells  are  homogenized  5x  in  a  Dounce  homogenizer  and  centnfuged  at  1500g  tor 
10minat4°C. 

3  Steps  1  and  2  are  performed  two  more  times,  leaving  a  pellet  of  nuclei. 

4.  The  nuclei  are  resuspended  in  HEPES  buffer  to  an  Ajeo  of  20  U/mL  (see  Note  1). 

5. ‘  Formaldehyde  is  then  added  to  the  suspension  of  nuclei  to  a  final  concentration  of  1%  (vAr). 

6.  The  nuclei  are  mixed  gently  by  inversion,  and  incubated  for  up  to  15  min  at  room  temperature. 

7.  After  0,  5,  10,  and  15  min  of  formaldehyde  cross-linking,  4-mL  aliquots  of  nuclei  are 
collected  and  made  up  to  125  mM  glycine  on  ice  to  stop  the  cross-linking  reaction. 

8.  The  aliquots  of  nuclei  are  then  centrifuged  at  1500g  for  10  min  at  4°C  (see  Note  2). 

9.  The  nuclear  pellets  are  then  washed  in  10  mL  of  RSB  buffer  and  centrifuged  at  1500g  for 
10ininat4®C. 

10.  The  nuclear  pellets  are  resuspended  in  10  mL  of  ice-cold  lysis  buffer. 

3.2.  Sonication  of  Formaldehyde-Cross-linked  Cells 

For  each  formaldehyde-cross-linked  sample  from  Subheading  3.1.: 

1 .  The  4  mL  of  the  lysed  nuclei  are  transferred  to  a  50-mL  Falcon  tube  and  sonicated  under 
170  W  for  ten  30-s  pulses  with  a  Braun-sonic  1510  Sonicator.  The  sample  is  cooled  on  ice 
for  1-min  waiting  intervals  between  each  pulse  (see  Notes  3—5). 

2.  A  100-pL  aliquot  of  nuclei  is  dialyzed  against  double-distilled  water  (without  PMSF) 
overnight  at  4®C  to  remove  excess  urea  and  salt  that  may  interfere  with  proteinase  K 
digestion.  The  dialyzed  sample  is  made  to  0.5%  sodium  dodecyl  sulfate  (SDS)  and 
0.4  mg/mL  of  proteinase  K  and  incubated  for  2  h  at  55°C  to  digest  the  protein. 

3.  The  sample  is  then  incubated  at  65°C  for  6  h  to  reverse  the  formaldehyde  cross-links 
between  the  DNA  and  protein. 
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4.  The  digested  mixture  is  extracted  3x  with  an  equal  volume  of  solution  composed  of 
phenol-chloroform-isoamyl  alcohol  in  a  25 : 24 : 1  ratio,  respectively. 

5.  To  precipitate  the  DNA  from  the  sample,  1/1 0th  the  sample  volume  of  3  M  sodium 
acetate,  pH  5.5,  along  with  three  volumes  of  absolute  ethanol  is  added  to  the  sample  and 
the  sample  is  incubated  at  -80®C  for  20  min. 

6.  The  sample  is  centrifuged  at  12,000g  for  10  min  at  4°C  to  pellet  the  DNA. 

7.  The  DNA  pellet  is  washed  with  1  mL  of  ice-cold  70%  ethanol,  and  centrifuged  at  12,000g 
for  10  min  at  4°C. 

8-  The  resulting  DNA  pellet  is  resuspended  in  30  |iL  of  double-distilled  water,  and  4  [iL  of 
this  pellet  is  electrophoresed  on  a  0.8%  agarose  gel  to  identify  high  molecular  weight 
DNA  bands  indicative  of  extensive  cross-linking. 

3.3.  Efficiency  of  Soiubiiization  of  Formaidehyde-Cross-iinked  Ceiis 

For  each  formaldehyde-cross-linked  sample  from  Subheading  3.1.: 

1.  Transfer  the  4  mL  of  cross-linked,  lysed,  and  sonicated  nuclei  to  a  15-mL  tube. 

2.  Determine  the  A260  of  10  |xL  of  the  total  nuclear  lysate. 

3.  Centrifuge  the  sample  at  9000g  for  10  min  at  4®C, 

4.  The  supernatant  contains  solubilized  DNA  and  protein.  Transfer  the  supernatant  to  a  clean 
15-mL  tube. 

5.  Determine  the  A260  of  10  |xL  of  the  supernatant  in  990  pL  of  lysis  buffer. 

6.  Divide  the  A260  of  the  supernatant  by  the  A260  of  the  total  nuclear  lysate  and  multiply  this 
value  by  100  to  determine  the  percent  of  DNA  released  from  the  nuclei  following  formal¬ 
dehyde  cross-link  and  sonication. 

3.4.  isolation  of  Proteins  Cross-linked  to  DNA  by  Formaldehyde 

For  each  formaldehyde-cross-linked  sample  from  Subheading  3.1.: 

1 .  Determine  the  approximate  amount  of  DNA  present  in  the  4  mL  of  lysed  nuclei  suspen¬ 
sion  from  Subheading  3.3. 

2.  Add  the  lysed  nuclei  suspension  to  preequilibrated  hydroxyapatite  (see  Notes  6-8)  and 
mix  by  gentle  inversion. 

3.  Incubate  at  4°C  for  1  h  on  an  orbitron. 

4.  Centrifuge  the  hydroxyapatite  at  5000g  for  5  min  at  4®C. 

5.  Wash  the  hydroxyapatite  with  10  mL  of  lysis  buffer,  mix  by  gentle  inversion,  and  centri¬ 
fuge  at  5000g  for  5  min  at  4°C. 

6.  Repeat  step  4  an  additional  two  times. 

7.  Add  2  mL  of  lysis  buffer  to  the  washed  hydroxyapatite  and  mix  by  gentle  inversion. 

8.  Incubate  this  suspension  at  68®C  for  6  h  to  reverse  the  formaldehyde  cross-links  between 
the  DNA  and  protein. 

9.  Centrifuge  the  sample  at  4°C  or  room  temperature  for  5  min  at  5000g. 

10.  Place  the  supernatant  containing  protein  that  was  cross-linked  to  DNA  into  presoaked 
dialysis  tubing  (see  Notes  10  and  11). 

11.  Dialyze  the  sample  overnight  at  4°C  against  2-3-L  changes  of  double-distilled  water 
(include  0.5  mM  PMSF  in  the  first  change). 

12.  Lyophilize  the  sample  to  a  powder  form. 

13.  Resuspend  the  powder  in  double  distilled  water  and  store  at  -20°C  (see  Fig.  1). 

4.  Notes 

1.  Sonication  conditions  will  vary  for  different  cell  types. 

2.  Perform  sonication  on  ice  to  avoid  protein  denaturation. 
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